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Abstract
An in-pile PWR coolant chemistry loop (PCCL) which closely simulates the
primary coolant system of a PWR has been constructed and operated at the MIT Nuclear
Reactor Laboratory. The PCCL has been used for two previous sets of runs to investigate
the effect of coolant pH on system activity buildup. In this study, which was supported by
Mitsubishi Heavy Industries (MHI), a 666 hour in-pile zinc injection run was completed, at
a pH(300 °C) value of 7.2. The principal objective of this experiment was to determine if
injection of zinc to a level of 10 ppb in the circulating coolant could reduce the deposition of
activity on the steam generator or other out-of-core surfaces. One of the previous
experimental runs, sponsored by EPRI/ESEERCO, was used as a base run (PBR run) for
comparison to the Zinc run.
After completion of the in-pile run (which was preceded by 500 hours each of zinc-
free prefilming and zinc-treated preconditioning out-of-pile), the entire primary circuit of
the PCCL was removed for analysis. With the exception of the Zircaloy U-tube, all tubing
was assayed directly for activity deposition and then the tubing segments were cut and
descaled. Following descaling, the oxides removed from the tubing were analyzed by ICP.
The surface morphology of the tubing specimens was examined by scanning electron
microscope (SEM). Finally the loop component activity and corrosion product deposit
data obtained from the Zinc run and the previous PBR run were analyzed and compared to
examine the effectiveness of zinc addition in reducing corrosion and activity deposition.
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The results show that the injected zinc under the specific conditions of this
experiment has no, or slight, effect in reducing the activity or corrosion buildup at a
pH(300 °C) value of 7.2. Furthermore, when comparing the average activity on the S/G
Inconel tubing between the Zinc run and all the other PCCL runs, the Zinc run data agree
with the general curve correlating the experimental results very well. This finding is also
verified by a model- based consistency test. In addition, the measured zinc content on each
system component shows that the injected zinc and total amount of zinc deposited on the
system are in good agreement. Surface morphology (SEM) examinations do not indicate
any particular off-normal findings, or exceptional artifacts.
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Chapter 1. Introduction
1.1 Foreword
Zinc injection is an established technique for reducing radioactive transition metal
deposition on out-of-core portions of BWR coolant circuits (W-2, M-2, T- 1). Laboratory
tests have shown that zinc in BWR coolant has a profound effect on the structure of the
oxide film on stainless steel, making it more protective and blocking sites where cobalt ions
can be incorporated (N-i, M-3, H-3). The encouraging results obtained under BWR
chemistry promoted the study of whether zinc injection is also beneficial in PWRs.
A number of laboratory experiments under PWR conditions have demonstrated
reductions in 6 0Co release and deposition in the presence of -20 ppb of dissolved zinc at
pH(300 °C) = 7.0 (L-1). References (B-3) and (E-4) report that addition of zinc delays the
onset and reduces the severity of stress corrosion cracking in the primary coolant water
system (PWSCC). Zinc addition also reduces the corrosion or corrosion release rates of
iron and nickel base alloys by a factor of approximately 2-5 relative to a zinc-free
environment (A-1, B-5). In addition, there is a program currently underway to test the
effect of zinc addition in an operating plant (B-1, P-l). However, there is no prior work
using in-pile irradiation tests to confirm the dose reduction benefits of zinc additions for
PWRs. Accordingly, an in-pile loop zinc injection test, which is the subject of this thesis,
was carried out to perform preliminary experiments on the effects of zinc addition on
activity buildup and corrosion release control.
The present thesis is the final report summarizing work completed at the MIT
Nuclear Reactor Laboratory for Mitsubishi Heavy Industries (MHI) on a project studying
the effect of zinc injection on transport of radioactive corrosion products under PWR
conditions. This work, however, differs from previous tests in that it is an integrated test
which examines the correlated effects of both release and deposition under realistic heat
flux and irradiation conditions. Furthermore, this test was run at pH(300 °C) = 7.2, which
closely reflects current PWR practice.
The principal objective of this research was to determine if injection of zinc to a
level of 10 ppb in the circulating coolant could reduce the deposition of activity on the
steam generator or other out-of-core surfaces. An experimental run was carried out in the
PWR Coolant Chemistry Loop (PCCL), a facility which was developed at the MIT
Nuclear Reactor Laboratory and used for two previous sets of runs to investigate the effect
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of coolant pH on activity transport (D- 1, E- 1). One of the previous experimental runs, and
their overall correlated results were used as bases for comparison to the zinc injection run.
1.2 Background
The chemical environment in the primary circuit of a Pressurized Water Reactor
(PWR) is sufficiently corrosive to merit concern over material integrity and the resulting
need for maintenance. As the wetted surfaces of the primary coolant loop corrode, the
corrosion products of nickel, iron, chromium and cobalt, which are either principal or trace
constituents of metals such as Inconel and stainless steel, are released into the coolant. The
resulting water-borne corrosion products may be present as soluble ions or as insoluble
particles. These corrosion products can deposit on fuel surfaces in the reactor core and
capture neutrons to become radioactive. Some of the activated corrosion products are then
released into the coolant and eventually re-deposit on out of core surfaces. These activities
on out of core surfaces, especially channel heads and steam generator tubing, have become
the main source of exposure for plant maintenance workers. A schematic of the transport
of corrosion products in PWRs is shown in Figure 1.1. (L-2, L-3, M-1).
An in-pile PWR coolant chemistry loop (PCCL) which closely simulates the
primary coolant system of a PWR has been constructed and operated at the MIT Nuclear
Reactor Laboratory (H-1, S-1, B-2, W-1). Figure 1.2 shows the major components of the
MIT-PCCL loop. The PCCL models at approximately one-third scale, one unit flow cell
(one steam generator tube coupled to one intra-fuel-pin channel) of a full-scale PWR.
Table 1.1 (S-l) shows selected physical comparisons between a typical PWR and the
PCCL. Table 1.2 (K-1) documents the results of applying some elementary mass transport
models to estimate how processes thought important to corrosion product radionuclide
generation and deposition scale between loop and plant. The principal use of the PCCL is
to test chemistry control strategies which will minimize ex-core activity buildup, hence
radiation exposure, during maintenance operations in PWRs (B-6). An initial series of
seven one-month-long runs was carried out under EPRI/ESEERCO auspices (E-1, K-1).
Then two 3000 hour runs, having similar objectives but longer runs (3000 hot hours in-
pile vs. 650), sponsored by NUPEC (D-1, K-2) were completed. The principal focus in
these two campaigns was pH optimization through adjustment of relative LiOH and H3BO3
concentrations.
Figure 1.3 is an overall summation of results from both the earlier NUPEC and
EPRI/ESEERCO runs, showing activity (normalized by exposure) as a function of pH.
These experiments support a general picture of transition metal transport dominated by
solubility/solubility gradient behavior, as shown schematically in Figure 1.4. As can be
20
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Parameter Representative MIT PCCL
PWR
Core inlet T, OC 285 277
Core exit T, OC 320 316
Hydraulic diameter., cm
core 1.2 0.65
steam generator 2.1 0.62
Boundary layer AT, °C
core 18 23
steam generator 5.7 5.6
Coolant Velocity
Core (m/sec) 4.8 2.8
Steam Generator( m/sec) 5.9 3.0
Core Average Neutron Flux, n/cm2 -sec
Thermal 2.3 x 1013 2.6 x 1013
Fast (> 1MeV) 9.4 x 1013 5.0 x 1013
Average Heat Flux, (kW/m2 )
Core 614.6 550.0
Steam Generator 178.2 194.5
Material Surface Area Ratios:
Total Inconel/Zircaloy 2.73 5.11
Cooled Inconel/Heated Zircaloy 3.44 2.79
Total SS/Inconel 0.15 0.24
Plenum SS/Inconel --- 0.10
Table 1.2 Comparison of Important Scaling Parameters
in a Full-Scale PWR and the PCCL
Phenomena Controlling Parameter or Index Ratio: PCCL/PWR
Solubility, Diffusivity, Temperature:
Crystal Growth and other coolant avg. 0.99
reaction kinetics coolant AT 1.19
film AT Core 1.32
S/G 0.98
Fractional removal across
core or S/G for ions or (Ud)/Rel/5 core* 0.79
small particles S/G* 0.93
*based on heated or
cooled length, L
Deposition or removal of
same mass per unit area per V / Re1 / 5 core 0.69
unit time where V = velocity S/G 0.85
Erosion or deposition of shear stress to 1 5
larger particle 2 6
* erosion or deposition core* 0.70*-+0.51
rate per unit flow rate S/G* 0.78*-0.63
(L/d)/Rel/lO*4 fv (Jd)/dl/6 based on heated or
cooled length, L
* erosion or deposition core 0.63<-*0.46
rate per unit area S/G 0.73*40.59
V/Rel/ 1 0 <- V 5 /3 /Re 11/6
Removal by Purification
System Relative to PWR Basis:
*System volumes per unit time 3.6
· Flow rate per unit surface area 0.45
· Fraction of flow intercepted 1.35
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Figure 1.3 Variation of Activity on S/G Tubing with pH
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AB: Low pH operation at fixed Li, B concentration:
solubility decreases as temperaturC increases; transition metals dissolve at S/G
surface, deposit on core
CD: High pH operation at fixed Li, B concentration:
solubility increases as temperature increases; transition metals tend to remain
on S/G, resist deposition on core
Where: A, C = Core Outlet = S/G Inlet
B, D = S/G Outlet = Core Inlet
Core surface is hotter than coolant; S/G surface is colder
Figure 1.4 Coolant Chemistry Conditions Relative to Crud Transport Behavior
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seen in this Figure, at high pH, the transition metals tend to remain on the S/G and resist
deposition on the core, thereby reducing the magnitude of on-core crud deposition, which
can subsequently generate and release radionuclides. The results shown in Figure 1.3
support this general picture of how activity is first created and then dispersed in a PWR
primary coolant circuit. By operating near minimum solubility, with gradients favoring
retention of fresh corrosion products ex-core and opposing their deposition on core, one
can effectively minimize creation of radionuclides and their ultimate accumulation in the
ex-core oxide film.
In conjunction with an optimum coolant pH, it has been speculated that a further
reduction in maintenance doses may be realized if zinc injection is employed in PWRs.
The possible mechanism of the zinc effect has been discussed in reference (M-2). This
reference indicated that the defect structure of the oxide plays an important role in the
corrosion process. Iron, nickel and cobalt tend to form cation-deficient oxides, which have
fewer cations than would be predicted by the stoichiometric chemical formula. The defects
in the crystal lattice allow other cations to migrate within the oxides and consequently new
cations can be formed at the metal surface. Therefore, the corrosion process at the metal
surface can occur continuously. Zinc, on the other hand, tends to form cation-excess
oxides. The excess zinc ions migrate to the vacant defects, blocking sites where other ions
can be incorporated. Because the zinc oxide is highly protective to the base metal, the
formation of this oxide on the metal surface inhibits the subsequent corrosion. However, it
is not clear why the zinc oxide is so protective to the base metal. More theoretical and
experimental work needs to be done to better understand the unique character of the zinc
ion.
In this study, a 666 hot hour in-pile run was performed. With the exception of the
main circulating pump, the loop was initiated using fresh tubing throughout, prefilmed and
preconditioned under hot operating conditions out-of-pile for a total of 1000 hours to
establish a significant corrosion film prior to in-pile exposure. The loop was prefilmed for
500 hours without zinc addition; however 100 ppb zinc was injected to reach the outlet
target goal of 10-15 ppb during the 500 hour preconditioning phase.
Once the loop was prefilmed and preconditioned, it was then installed in the MIT
reactor and operated and irradiated for about a month. In the conduct of this test, the most
important control variable is the concentration of dissolved zinc in the primary coolant. In
this study, the inlet zinc concentration was in the range of 50 to 100 ppb during the
irradiation test to obtain the outlet target goal of 10-15 ppb.
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After the irradiation test, the entire primary circuit was removed for analysis. With
the exception of the Zircaloy U-tube, all tubing was assayed directly for the activity per unit
area of all important gamma emitters using a HPGe gamma detection system. After being
gamma scanned, tubing segments were cut and descaled. Following descaling, the oxides
removed from the tubing were analyzed for chemical composition using an ICP emission
spectrometer. The surface morphology of the tubing specimens was examined by
scanning electron microscope (SEM). Finally the loop component activity and corrosion
product deposit data obtained from this zinc injection run and the previous PBR run at the
same pH but without zinc injection (E-1) were analyzed and compared to examine the
effectiveness of zinc addition to reduce corrosion and activity deposition.
1.3 Outline of Present Work
The present report is divided into chapters and sections that describe the study
completed at the MIT Nuclear Reactor Laboratory on the effect of zinc injection on
transport of radioactive corrosion products under PWR conditions. The present chapter
presents the introduction to the subsequent work.
Chapter 2 discusses the most recent version of the PCCL and its associated
auxiliary facilities in sufficient detail to enable the reader to understand the remainder of
the report. Each section in this chapter includes a brief discussion of major loop
components which come into contact with primary coolant water and how they were
configured to form an overall system arrangement.
Chapter 3 describes the procedures before, during and after the irradiation test to
operate the loop, and to acquire the data needed to verify that the experiment was
performed according to specifications. The apparatus needed for chemical composition
analysis, surface morphology examination, and radioactivity measurement are also
discussed in this chapter.
Chapter 4 presents the measurement results obtained before the irradiation test.
The major results include coolant chemistry and outlet zinc concentration histories,
corrosion product measurements and surface morphology examinations. Most of these
measurements are relevant principally to verification that the experiment was carried out in
accordance with requirements.
Chapter 5 presents the chemistry and radionuclide measurement results obtained
during and after the irradiation test. The principal results include the ex-core component
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activity and corrosion product deposit data A brief discussion and evaluation is also given
following the presentation of these data.
Chapter 6 provides a more in-depth evaluation of results, and a consistency test
between Zinc run data and all other PCCL runs. In addition, a compilation of an overall
zinc balance is presented to show the distribution of the injected zinc in the loop. Finally, a
number of incidental findings are addressed in this chapter because of their special
relevance in data interpretation.
Chapter 7 provides a summary of the present work, and conclusions which follow
from it. Some recommendations for future work are also presented in this chapter.
Appendix A lists all the references that are cited in the text. Appendix B presents
the descaling methods and detailed data for corrosion product analysis Appendix C
describes the activity and chemical composition measurements of IX resin. Supplier
information on purchased components is listed in Appendix D. Appendix E defines some
less common shorthand designators. Appendix F gives some useful conversion factors
between the SI units and customary U.S. units. A more comprehensive bibliography
related to the use of zinc as a primary coolant additive is listed in Appendix G.
29
Chapter 2. EXPERIMENTAL FACILITY
2.1 Introduction
The following sections describe the most recent version of the MIT PWR Coolant
Chemistry Loop (PCCL) and its associated auxiliary facilities. The focus is on the
description of major components and how they were configured to simulate the primary
coolant chemistry environment of a representative PWR. The major difference between the
current facility and the previous NUPEC loop is the addition of a zinc injection system.
Reference (D-1) summarizes the loop status as of the end of the preceding NUPEC
program. For more detailed information on the loop before that refer to references (E- 1) and
(S-l). For those interested in the conceptual design of the PCCL, references (B-2) (W-l)
and (E-3) provide useful information.
Figure 2.1 shows a schematic of the PCCL, showing the main loop and its auxiliary
systems including the water makeup and discharge system, the heated auxiliary pressurizer,
the pump leg gamma monitor and the sampling system. In addition to these systems, the
instrumentation, control and data logging systems during normal operation will be discussed
in the following sections.
2.2 Main Loop
The PCCL components are enclosed by an aluminum thimble within the reactor core
tank. Figure 2.2 shows the major components of the MIT-PCCL loop. As seen in this
figure, the thimble is divided into three major sections, namely; the Pod Section, the Steam
Generator (S/G) Section, and the Core Section. The Steam Generator Section is divided into
two subsections; the Stainless Steel Plenum Subsection and the Inconel Heat Rejection
Subsection. The core section contains the titanium test tube, the Zircaloy-4 U-tube, the
electric heater and the lead bath. Table 2.1 gives the physical properties of importance, which
have mainly to do with the area and composition of surfaces exposed to the primary coolant.
Table 2.2 provides quantitative information on material composition, including
manufacturer's specifications, as well as neutron activation analyses (NAA) performed at
MIT and analytical measurements carried out elsewhere. The subsections which follow
provide additional information on the individual components necessary for the reader's
understanding of the following chapters.
2.2.1 Pod Section
The pod section was originally designed to house the main circulation pump.
However, since the custom-built pump designed for this application was never satisfactorily
completed by the manufacturer, a decision was made to use a larger and .more robust
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Figure 2.1 A Schematic of the PWR Coolant Chemistry Facility
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Tabl1 2.1 Data on Zinc Injection Loop Components
Item [ Description Material Length ID Area Volume
(cm) (cm) (cm2) (cm3)
1 Tubing: Pump to Shot Bed
290 0.612 557.55 85.31
2 Tubing: Shot Bed to Pump
250 0.612 480.65 73.54
3 SG Cold Leg
180 0.612 346.07 52.95
4 SG Hot Leg
Inconel 180 0.612 346.07 52.95
5 Tubing: Shot Bed to Inlet Plenum 600
27 0.612 51.91 7.94
6 Tubing: Outlet Plenum to Shot Bed
27 0.612 51.91 7.94
7 Tubing: Inlet Plenum to Zircaloy
22 0.612 42.30 6.47
8 Tubing: Zircaloy to Outlet Plenum
22 0.612 42.30 6.47
9 AE pump
- - 225 130
10 Inlet Plenum Stainless
Steel 316 12.8 0.617 24.81 3.83
11 Outlet Plenum 12.8 0.617 24.81 3.83
12 Zircaloy: Non-heated Section Zircaloy-4 62 0.671 130.69 21.92
13 Zircaloy: Heated Section 119 0.671 250.85 42.08
A Total cooled Inconel
Inconel 360 0.612 692.14 105.90
B Total Inconel 600
998 0.612 1957.20 299.45
C Total Stainless Steel SS 316 274.62 137.66
D Toatl Heated Zircaloy Zircaloy-4 119 0.671 250.85 42.08
E Total Zircaloy 181 0.671 381.54 64.00
F Overall Total 2574.92 495.23
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commercially available pump, located external to the MITR-II core tank as shown in Figure
2.2. The pump used is an Autoclave Engineers 1.5 hp Magnepump, a "packless" centrifugal
type which produces a flow rate of 0.063 kg/s (1.5 gpm). More pertinent pump parameters
are listed in Table 2.3. The relatively large, externally located, pump introduces additional
316SS surface and requires additional Inconel tubing connecting the pump to the in-thimble
loop. This configuration results in unavoidable mismatches in the material surface area
ratios between the loop and a typical PWR, although surface areas subject to heat flux are
well matched.
The pod section now houses the connections between the in-thimble portion of the
heater power leads and thermocouples and the extensions which feed through the thimble lid.
These connections allow the thimble lid to be installed and removed.
2.2.2 Steam Generator (S/G) Section
(1) Heat Rejection Subsection
The Heat Rejection Subsection consists of Inconel-600 tubing comparable to that
used for PWR steam generator tubing, but smaller in diameter (0.612 cm ID). The tubing
penetrates the heat rejection region (bed of copper shot) twice: a hot leg carrying coolant
leaving the in-core section's exit plenum, and a cold leg returning coolant to the in-core
section's entrance plenum. The heat rejection section is based on a simple passive
mechanism employing a bed of copper shot, in an atmosphere of helium gas. The purpose
of the copper shot and the helium gas in the heat rejection section is to provide a reliable and
passive heat flow path in which the heat flux through the PCCL S/G tubes is similar to that
in a standard PWR plant.
(2) Stainless Steel Plenum Subsection
The inlet and outlet plena are 12.8 cm in length and have a 0.617 cm ID. They are
made of 316 stainless steel (SS) and designed to match the area and volume ratios among
SS, Zircaloy, and Inconel as closely as possible to those in a real PWR plant. The interior
surface of the plenum tubing was roughened with 60 grit emery cloth to approximate the
surface condition of PWR main coolant piping. To reduce the neutron activation of the
plena, two cylindrical shells (1/8 inch thick), made of boral strips, surround these
components. For the same purpose, two boral shield plates are placed in the S/G section to
reduce the neutron flux from the core.
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Table 2.3 AE Pump Parameters
Maximum System Pressure
Maximum Temperature
Operating Speed
Magnet Cooling
Part
Pump Head
Impeller
Shaft
Fasteners
Bearings
Seals
C-Ring
Inlet
Outlet
Voltage
Power
Controller
Mounting Position
Weight
Maximum Flow
Maximum Head
5000 psi
(34.475 MPa)
650 °F
(343 °C)
4000 RPM max
Water cooling must be used
Material
316 SS
316 SS
316 SS
300 series SS
Graphite
Inconel
1.0" tubing, I.D. 0.688"
1.0" tubing, I.D. 0.688"
208-230/460V
3 phase
3/4 HP
1000 KVA
Variable Frequency
Horizontal
170 lbs
19 GPM
17 psi
Completely metal sealed construction, no rotating seals,
magnetic drive, cooled permanent magnet rotor system.
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Design Conditions
Pump Construction
Port Size
Motor
General InformationGeneral formation
_
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2.2.3 Core Section
In the PCCL, a Zircaloy U-tube is used to simulate fuel element cladding and the
coolant channel between fuel pins. The U-tube fits into the core section of the loop thimble,
inside a titanium test tube, which also houses a 20 kW electric heater and molten lead bath to
thermally couple the heater and Zircaloy tube. Titanium was selected for the test tube
material because of its high strength and corrosion resistance under normal operation as well
as its low neutron activation cross section.
The purpose of the lead bath is to uniformly distribute the energy generated by the
heaters to the Zircaloy tubing. The electric heater provides the energy necessary to match
core heat fluxes while maintaining the loop water outlet temperature at 320 OC (608 °F).
During reactor operation, approximately 7 kW of thermal energy is deposited in the lead bath
due to gamma heating; meanwhile an additional 8 kW of energy is supplied by the heater at
full reactor power. When the reactor is shut down, the heater automatically increases its
power to compensate the loss of gamma heating. A historical review of our experience with
in-pile heaters can be found in reference (D-1), which includes a description of the heater
power supply and control system.
2.3 Auxiliary Systems
The following sections describe the out-of-thimble systems and features necessary for
loop operation. These systems are listed as follows:
(1) Water makeup system
(2) Zinc injection system
(3) Water sampling and letdown system
(4) Heated auxiliary pressurizer
(5) Pump leg gamma monitor
(6) Instrumentation, Control and data logging systems
Some other systems which are less directly associated with loop in-pile operation, such as
handling/storage components and the equipment used in the hot cell and disassembly areas,
are described in reference (E-1).
2.3.1 Water Makeup System
The charging system, shown in Figure 2.3, consists of two main components; the
makeup water subsystem and the charging pump. The makeup water subsystem including
two 50 liter Pyrex tanks provides makeup water for the loop. The charging pump, in
combination with the discharge line back pressure regulator (shown in Figure 2.1), maintains
the loop pressure and supplies the make up water at a rate of -100 cc/hr which approximately
simulates the function of the bypass coolant purification system in a typical PWR. This
37
3 ^)3 U
a>
Cl.E
-i 4 X
X3ctC a,~r;. '
C _ Cow
X C::
3-
11 
Figure 2.3 Schematic of Charging System
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pump (LEWA type EK16) is a positive displacement type capable of delivering a flow rate
from 0 to 66000 cc/hr at a maximum operating pressure of 4600 psia (31.72 MPa). Note
that the feedwater line shown in Figure 2.3 is made of titanium. The charging system
components were selected to minimize the introduction of transition metals to the loop in the
charging water. The key charging system dimensions are listed in Table 2.4.
The charging and makeup tanks are equipped with auxiliary loops to permit sparging
with hydrogen gas at - 6 psig. The hydrogen sparging circuit contains a platinum-carbon-
Teflon "wet-proofed" catalyst to recombine oxygen and hydrogen so that the water
chemistry in both tanks can be maintained at < 1 ppb oxygen which is measured using an
on-line Orbisphere detector. Water samples from the charging tank are collected periodically
at the sampling tap for chemistry analysis.
2.3.2 Zinc Injection System
Zinc solution is introduced to the loop using a separate zinc injection pump shown in
Figures 2.3 and 2.4. The flow rate of zinc solution was varied from 5 cc/hr to 30 cc/hr during
the irradiation test. Since the flow rate is so small, a 1.5 m tall column of zinc solution with
calibrated scales on the wall is used for flow rate calculation. To maintain a low oxygen
concentration, hydrogen gas from the bubbler of the charging system (as shown in Figure
2.3) is introduced to the zinc column. This column is periodically refilled with zinc solution
from a zinc tank which was filled with 20 liters of 1 ppm zinc borate solution at the beginning
of the irradiation test. The zinc borate, supplied by MHI, is made by the Kanto Chemical
Company in Japan. The relevant parameters for the zinc pump are listed in Table 2.5.
2.3.3 Water Sampling and Let-Down System
The water sampling and letdown system, shown in Figure 2.5, consists of a filtering
device, a back-pressure regulator, a discharge tank, an ion exchange column and a
recirculating ion exchange pump loop. Table 2.6 summarizes key features of the major
components.
The filtering device is used to collect filterable corrosion products on Teflon hot crud
filters. The Teflon filter has a 0.5 glm pore size with a 47mm diameter and is made by the
Millipore Corporation. The TESCOM back-pressure regulator is designed to maintain the
system pressure of 2250 psig.
The discharge tank is made of acrylic plastic and holds up to 70 liters of coolant. The
ion exchange column, containing Amberlite IRN-500 resin, H/OH form, in combination
with the recirculation loop is used to collect all ionic and particulate material in the water
removed from the loop. The resin is removed every three weeks and counted to assay its
radionuclide and transition metal content.
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Table 2.4 Relevant Information on Charging System
Makeup
Tank
B
A
T T -- _ -I-N
LEWA
Pump
CI
C
Component I Material Length (cm) Area (cm2 ) Volume (cm3 )
Line AB Titanium 915 446 17.3
ID = 0.155 cm
Line BC Titanium 366 525 60.0
ID = 0.457 cm
LEWA Pump Titanium - - 16 6.1
Makeup Tank Wall = Pyrex 152 9885 51153
ID = 20.7 cm
Bottom =Ti _ 337
All components operate at ambient temperature = 25°C.
Note that the flow is fully laminar - the Reynolds Number is only about 16.
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Description Material Length (cm) ID (cm) Area (cm 2 )
From A to B Teflon 350 0.457 502
From B to C Titanium 70 0.155 34
From C to D Titanium 855 0.155 416
From C to E Titanium 60 0.155 29
Figure 2.4 Zinc Injection System
Table 2.5 Zinc Injection Pump Parameters
Manufacturer Eldex Laboratories
Model # A-30-VS-PK
Maximum System Pressure 5000 psi (34.475 MPa)
Flow Rate Range 1.5 - 90 cc/hr
Flow Reproducibility + 0.3%
Wetted Material 316SS, PEEK
Electrical 115 VAC + 10%, 60 Hz
Pump Weight 6 lbs
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42
I
Im-~
i
Table 2.6 Relevant Information on Letdown System
From
Loop
V W
Flow
Cell
X Y
Backpressure
Regulator
Line WX is trace-heated to 2000 C; all other components
. 25oC.
Conductivity
Meter
operate at ambient temperature
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Component Material Length (cm) Area (cm2 ) Volume (cm3)
Line VW Titanium 61 29.7 1.2
ID = 0.155 cm
Line WX Titanium 1159 564 21.9
ID = 0.155 cm
Backpressure SS - 5 -1
Regulator
Line XY Nylon 183 89 3.45
ID = 0.155 cm
Line YZ Nylon 122 175 20.0
ID = 0.457 cm
Flow Cell Acrylic 134 2526 3800
ID= 6.0 cm
Letdown Tank Wall = Acrylic 152 11652 71074
Bottom = SS
ID=24.4 cm - 468
2.3.4 Heated Auxiliary Pressurizer
The heated auxiliary pressurizer, as shown in Figure 2.6, is designed to prevent boiling
in the PCCL due to rapid cooldown because of failure or inadvertent shutdown of the electric
heater. It is situated on the loop letdown line, closely coupled to the main loop. The auxiliary
pressurizer is maintained at an average temperature of 630 OF (322.20 C) to ensure that it is
the hottest point in the system. Therefore boiling occurs in the pressurizer first, and the
resulting steam forces water into the loop to keep it at the pressurizer saturation pressure.
2.3.5 Pump Leg Gamma Monitor
A schematic of the pump leg gamma monitor system is presented in Figure 2.7. This
system consists of a 50 cc portable HPGe detector, a multichannel analyzer and a high
voltage power supply. The HPGe detector was used to obtain higher gamma energy
resolution, replacing the NaI(TI) detector employed in the NUPEC program. The detector is
arranged to view the paired Inconel inlet and outlet pump legs, collimated by a lead brick
shield. Periodic counts are made during reactor shutdown periods to provide a time history
of activity buildup.
2.3.6 Instrumentation, Control and Data Logging System
Once the loop is started manually, it is fully automated and does not require operator
presence during normal steady-state operation. The loop core outlet temperature is
maintained at 320 + 0.6 OC by a controller which regulates the output of the in-core heater
power supply. During the run, core outlet and inlet temperatures, heater lead bath
temperature and other operating parameters are logged by computer or manually on log
sheets. A personal computer with Metrabyte A/D boards operated by Lab Tech Notebook
data acquisition software is employed for this purpose. Table 2.7 summarizes the loop
parameters recorded during the run and the measurement devices used.
Since the loop is normally operated without operator presence, its instrumentation
system is used to warn reactor or loop operators of any abnormal condition existing while
the loop is running. The most important safety features of the PCCL are summarized in
Figure 2.8.
These features include heater control to prevent over-temperature of the core section
and safety relief of loop over-pressure due to transients. An alarm system identifies any of
eleven off-normal operating conditions both at the local control panel and in the reactor
control room. Table 2.8 lists and describes these eleven alarms. A schematic of the
corresponding alarm sensors is shown in Figure 2.9.
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Table 2.7 Loop Parameters Acquired by the Computerized Data Acquisition System or
Logged by Hand
.ITEM PARAMETER I MEASUREMENT DEVICE
Core inlet temperature Thermocouple
Core outlet temperature Thermocouple
Heater/lead bath temperature Thermocouple
Logged Loop pressure Pressure transducer
By Pump A pressure Pressure transducer
Computer Electric heater power Peak current circuit
Thimble humidity Semiconductor humidity sensor
Charging tank dissolved 02 Orbisphere D02 meter
Above parameters plus:
Thimble pressure Pressure gauge
Charging tank water level Calibrated tank (ruler)
Charging tank H2 pressure Pressure gauge
Logged Charging water conductivity Conductivity meter
By H2 supply tank pressure Pressure gauge
Hand He supply tank pressure Pressure gauge
Discharge water conductivity Conductivity meter
Discharge water pH pH meter
Discharge tank water level Calibrated tank (ruler)
Reactor power Data provided by reactor operator
47
2.4 Comparison of PBR and Zinc Injection Loops
As mentioned in the beginning of this chapter, the above sections describe the most
recent version of the PCCL. There are some changes which have been implemented since
the completion of the PBR (EPRI/ESEERCO) run in March, 1990. Table 2.9 summarizes
the design and operational differences between the PBR and zinc injection runs. Though
these two loops are not identical, the principal parameters, such as core inlet and outlet
temperatures, material surface area ratios and core average neutron flux, are quite similar and
both are designed to closely simulate the primary coolant chemistry environment of a
representative PWR.
2.5 Chapter Summary
In this chapter, the experimental facility including main loop and auxiliary systems has
been described in sufficient detail to enable the reader to understand the chapters which
follow. The emphasis in this chapter is on those components and systems which come into
contact with primary coolant water. In addition, a comparison has been made between the
PBR and the zinc injection loops. For those interested in the sources of the loop
components, Appendix D provides detailed information.
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Table 2.8 Loop Active Safety Features and Alarm System
Alarm Condition
1. High Temperature #1 When lead bath temperature exceeds the normal operating
(HT#1) range by 150°F, this audible alarm is activated. The heater
power will be cut off.
2. High Temperature #2 This alarm is activated whenever the outlet water temperature
(HT#2) exceeds 650°F. As soon as this alarm is activated the electric
power to the heater is cut off.
3. Low Pressure (LP) This alarm is activated when the system pressure drops below
1800 psig.*
4. Pressure Relief Valve This alarm is activated if the system pressure exceeds the PRV
Lifted (PRVL) set point of 2500 psig or, in the event of PRV failure, the burst
disk set point of 2850 psig.
5. Low Level Charging This alarm is activated whenever the charging tank #1 level
Tank (LLCT) drops below 17 inches.
6. High Thimble This alarm is activated when the humidity in the purge line
Humidity (HTH) exceeds the expected value (which can vary from run to run).
7. Low Thimble Pressure This alarm is activated any time the thimble pressure drops
(LTP) below 10 psig.
8. Low Heater Current This alarm is activated when the PCCL heater current is below
(LHC) 10% of its normal maximum operating current.
9. High Pump Magnet T This alarm is activated when the main circulating pump magnet
(TMAG) region temperature exceeds 285°F.
10. Low Level Test Tank This alarm is activated when a low water level exists in the test
(LLT) tank. The test tank water is used to cool the main circulating
pump.
11. High Let Down Temp This alarm is activated when the discharge line water
(HLT) temperature exceeds 110 OF
*The LEWA charging pump is programmed to increase makeup rate to 5-10x normal flow rate
to attempt to restore system pressure
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Discharge-
Helium
Core
I PRV
L
Charging
pump
Thimble
Helium
Vent
Alarm Sensor Description of Function
Number
1 (HT#1) Thermocouple High temperature #1; automatic heater shutoff
2 (HT#2) Thermocouple High temperature #2; automatic heater shutoff
3 (LP) Pressure transducer Low loop pressure
4 (PRVL) Leak detector Pressure relief valve lifted
5 (LLCT) Level detector Low charging tank level
6 (HTH) Humidity detector High thimble humidity
7 (LTP) Pressure switch Low thimble pressure
8 (LHC) Peak current coil Low heater current
9 (TMAG) Thermocouple High pump magnet temperature
10 (LLTT) Float switch Low level test tank (not pictured)
11 (HLT) Thermocouple Alarm to protect Back Pressure Regulator
Figure 2.9 Schematic of PCCL Alarm System
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Table 2.9 Comparison of PCCL design and Operational Differences
Between the PBR and Zinc Injection Runs
Note: The NUPEC loops discussed in reference (D-1) have almost exactly the same design
and operation conditions as the zinc injection run.
52
Feature PBR (EPRI/ESEERCO) Zinc njection
Zircaloy In-core U-Tube Exxon Zy-4 Saclay Zy-4
SS Plenum Single large inlet plenum 2 small plena: inlet & outlet;
boral shielded
Heater Two legs in series; Grounded sheath, integral
insulated connectors
Pump-Leg Gamma None (IX column HPGe detector
Monitor scanned)
Water Makeup System 304SS Tubing and Pump Titanium Tubing & Pump
Sampling System Sintered SS Hot Crud Teflon Hot Crud filter, heated
Filter to 200 OC
Letdown System 275 cc/hr 100 cc/hr
Weekend Operation Outlet T lowered 15 °C Outlet T value same as when
(Reactor Shutdown) irradiated; AT varies slightly
Chapter 3. EXPERIMENTAL PROCEDURES
3.1 Introduction
In this chapter, the operating procedures before, during, and after irradiation are
presented and discussed. Most of the experimental data documented in chapters 4 and 5
were obtained using these procedures. The main steps include pretreatment, which
consists of prefilming and preconditioning, pre-irradiation examination, in-pile run and
post-irradiation examination.
A comparison of pretreatment and irradiation conditions as well as run histories
was made between the PBR and zinc runs to clarify the differences between these two
runs. Major apparatus and analytical instruments used for chemical and radionuclide
analyses are also described.
3.2 Pretreatment
For each run, two fresh sets of loop tubing including Inconel, SS and Zircaloy are
first cut to size and cleaned; fittings are attached to permit loop assembly. Prior to
irradiation, the loop is pretreated in two stages: a prefilming phase followed by a
preconditioning phase. The principal objectives of this pretreatment are to establish stable
corrosion product coated surfaces, and also to simulate, to some extent, recommended
plant start-up practice. Both complete sets of all components are pretreated, to insure that
replacements are immediately available if necessary.
3.2.1 Prefilming
The S/G Inconel tubing and SS plena were prefilmed simultaneously for -500
hours in an isothermal oven under the conditions listed in Table 3.1. Figure 3.1 is a
schematic of the prefilming system. Note that prefilming is carried out in the once-through
mode to insure that any residual impurities are removed. SS and Inconel specimens were
included in the prefilming loop for documentation. Figure 3.2A shows the temperature
history during the prefilming stage; no transients occurred at this stage.
Water samples were taken to check pH, conductivity, and boron and lithium
concentrations during the pre-filming operations. The pH and conductivity of the
discharge water samples were measured with properly calibrated pH and conductivity
meters at room (25 °C) temperature. Boron and lithium concentrations in water samples
were determined by ICP. These results are provided in chapter 4.
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Table 3.1 Pretreatment and Irradiation Conditions for the Zn
and PBR runs
* Prefilming
Lithium
Boron
pH(3000 C)
Conductivity (S/cm at 250 C)
Temperature (isothermal oven)
Oxygen
Let-down Flow Rate (once through)
Duration of hot exposure
Zn injection
* Preconditioning
Lithium
Boron
pH(3000 C)
Conductivity (gS/cm at 250C)
Temperature (isothermal oven)
Oxygen
Let-down Flow Rate (Recirculated)
Duration of hot exposure
Zn inlet
Zn letdown target
Zn Run
1.41 ppm
600 ppm
7.0
15.2
6000 F (3160 C)
less than 10 ppb
100 cc/hr
500 hrs
No
3 ppm
800 ppm
7.2
31.7
6000 F (3160 C)
less than 5 ppb
100 - 500 cc/hr
550 hrs
- 100 ppb
- 10 ppb
PBR Run
1.41 ppm
600 ppm
7.0
15.2
6000 F (3160C)
less than 10 ppb
275 cc/hr
- 500 hrs
No
3 ppm
800 ppm
7.2
31.7
6000 F (3160C)
less than 5 ppb
275 cc/hr
- 600 hrs
N/A
N/A
* Irradiation
Lithium
Boron
pH(3000 C)
Conductivity (gS/cm at 250 C)
Let-down Flow Rate
Zn inlet
Zn letdown target
3 ppm
800 ppm
7.2
31.7
100 - 300 cc/hr
- 100 ppb
10 - 15 ppb
* In-core Operating Histories
Hot hours
MW hours
666
1560
54
3 ppm
800 ppm
7.2
31.7
275 cc/hr
N/A
N/A
728
1569
Zinc Feed Column
Prefilming/Preconditioning Oven
wo
et
n this
)op.
Backpressure
Regulator
I
I
/t
Il I
Discharge for
Prefilming
Recombiner
Catalyst
Figure 3.1 Schematic of Prefilming System
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Figure 3.2 Prefilming and Preconditioning Temperature Histories for Zinc
Injection Run
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3.2.2 Preconditioning
After prefilming, some Inconel and SS specimens were removed for crud and
SEM analysis. The prefilmed sets of Inconel and SS tubing were connected to two
cleaned but previously untreated Zircaloy U-tubes and preconditioned inside the same oven
under the conditions listed in Table 3.1. Figure 3.3 is a schematic of the preconditioning
system for the Zinc run; note that the preconditioning stage is carried out in the
recirculation mode, to insure that the coolant is saturated with transition metal ions. The
setup also includes segments of Zircaloy, which together with SS and Inconel specimens
can be removed for analysis after preconditioning. Water samples were taken periodically
to check pH, conductivity, lithium, and boron as in the prefilming stage.
Three transients occurred during the preconditioning of the zinc injection loop.
Two of them were due to the failure of the main injection loop charging pump, and the
loop was cooled down to fix or replace the pump; the other transient was caused by a leak
which resulted in the shutdown of the loop. These events are indicated in the temperature
history shown in Figure 3.3B.
The main coolant pump was first flushed with demineralized water to remove
residual activity to the extent possible without removing the base layer of the corrosion
product film. Then the pump was preconditioned for one week in the once-through mode.
The pump inlet solution contains 800 ppm boron, 3 ppm lithium and 1 ppm zinc. The
temperature and pressure for the pump preconditioning are 3160C and 2250 psi,
respectively. At the end of the pump preconditioning, the outlet zinc concentration reached
- 15 ppb.
3.3 Pre-Irradiation Examination
After the -1000 hr prefilming and preconditioning run, the loops were
disassembled, rinsed with deionized water, filled with nitrogen and stored prior to the
irradiation test. Meanwhile, the pretreated Inconel, SS and Zircaloy specimens removed
from the loops were ready for pre-irradiation examination which includes the SEM and
surface layer composition analysis of the prefilmed and preconditioned samples. These
results are presented in Chapter 4.
3.4 In-Pile Run Procedure
A generic scenario for loop startup, operation and shutdown is summarized in the
following description. For more detailed procedures regarding installation, operation,
removal, and handling of the loop thimble, refer to references (D- 1) and (S- 1).
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4 IH2 ~~ 02 -0
Instrument
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Area in rectangle includes two
sets of S/G inlet and outlet
legs; the other Inconel, not in this
area, is used for the pump loop.
Backpressure
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I
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i
I I
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.
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Position
Recombiner
Catalyst
H2
Figure 3.3 Schematic of Preconditioning System For Zinc Injection Run
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( 1 ) After the loop has been installed in the core tank, it is maintained in a cold shutdown
state.
(2) The loop is then pressurized to 2250 psig by turning on the charging pump; then the
main circulating pump is turned on and the heaters for the auxiliary pressurizer are turned
on.
(3) The electrical heater is activated and power ramped up slowly until a normal core outlet
temperature is achieved.
(4) If the above conditions are met, the loop is switched to automatic control to maintain
constant outlet temperature and remains in this hot standby mode prior to reactor startup.
(5) As the reactor power is raised step by step, the heater power is automatically reduced to
allow for the increase in gamma heating until the reactor is at full power.
(6) The loop is normally operated with automatic heater control to ensure that the core
outlet is at constant temperature until the loop or reactor is ready to be shut down.
(7) When the loop is ready for shutdown, the reactor power is first lowered step by step
until shutdown; then the heater power is gradually reduced to zero.
(8) The pressurizer heaters are turned off and then the main circulating pump is turned off.
(9) Finally, the charging pump is also turned off and the loop is depressurized.
During reactor operation, approximately 7 kW of thermal energy is deposited in the
loop's in-pile section due to gamma heating; when the reactor is shut down during the
weekend, the heater automatically increases its power to compensate the loss of gamma
heating. Note that the above procedure is an ideal case for the normal in-pile run. For
different accident scenarios and actions taken in response to these accidents as well as
abnormal operating procedures, refer to references (D-1), (S-l) and (H-l); no events in
these categories occurred during the subject run.
3.5 Run Histories
During the in-pile run, water samples from the charging and discharge lines, hot
crud filter samples and IX resins are taken for chemical and radionuclide analyses.
Table 3.2 shows the schedule for routine sampling items and relevant analyses' for these
samples. The corresponding operational chemistry histories and radioactivity data which
are collected based on this schedule are discussed in Chapter 5. Figures 3.4A and 3.4B
show the hot and MW hr histories for the zinc and PBR runs. A comparison of total hot
and MW hours between these two runs are listed in Table 3.1. As shown in Figure 3.4A,
the zinc loop was shut down for about two days (June 8 and 9) due to reactor maintenance
work; other than that, both the PBR and zinc run proceeded smoothly without any
accidental cooldown events.
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Table 3.2 Chemistry and Radionuclide Monitoring Program
for the PBR and Zn Loops
Analysis method abbreviations: AA = atomic absorption spectrometry,
ICP = inductively coupled plasma emission spectrometry,
HPGe = high purity germanium spectroscopy
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Sample Point Sample Fre uency Analysis
Charging tank Twice per week and Boron and lithium (AA or ICP) pH
when coolant is added and conductivity
or a transient occurs.
On-line Conductivity and pH
Let-down line Water sample daily Radionuclides: filterable and non-
during reactor filterable (HPGe)
operation (50 cc);
Twice per week Radionuclides: filterable and non-
(250 cc) filterable (HPGe)
Boron and lithium (AA or ICP)
pH and conductivity
On-line Conductivity and pH
Hot crud filter - Twice weekly Radionuclides: deposited and
filtered by 0.5 mm Teflon filter at
200°C
IX column Every - 600 hrs. Counted for radionuclides (HPGe),
analyzed for transition metal species
(AA or ICP)
6/2 6/7 6/13 6/19 6/25 7/1
Date (1994)
Figure 3.4A Hot & MW Hour Histories for the Zinc Injection Run
Figure 
2/9 2/16 2/23 3/2
Date (1990)
3.4B Hot & MW Hour Histories for the PBR Run
Figure 3.4 Hot & MW Hour Histories
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Figure 3.5 shows the pump leg gamma spectra measured using a portable HPGe
detector during the reactor shutdown (6/20). The major radionuclides of interest including
Co-58, Co-60, Fe-59, Zn-65 and Cr-51 are indicated. There is only one set of gamma
scan data available for the Zn run; therefore a time history of activity buildup is not
established. Note that no pump leg gamma scan data were measured for the PBR run,
since this capability was added subsequent to the first campaign of PCCL runs.
3.6 Post-Irradiation Examination (PIE)
At the end of a run the loop is disassembled and all components are sacrificed for
examination. The PIE effort is summarized in Table 3.3. With the exception of the
Zircaloy U-tube, all tubing can be gamma scanned by a HPGe spectroscopy system (S-2).
This system, shown in Figure 3.6, consists of a High Purity Germanium (HPGe) detector,
a computer controlled multichannel analyzer, a stepping motor, and a printer. In addition
to tube scanning, this system is also calibrated to determine the absolute activity in other
loop samples including water samples, hot crud filters and ion exchange resins and NAA
samples.
After being gamma scanned, tubing samples are cut and descaled using the
procedure shown in Table 3.4 (B-4, C-1, Z-1). The descaling methods include ultrasonic
cleaning (US), cathodic electrolysis (CE) and anodic electrolysis (AE). More detailed
descaling procedures are discussed in Appendix D. Following descaling, the oxides
removed from the tubing are analyzed for chemical composition by ICP, and surface
morphology is documented by SEM before and after oxide removal. Table 3.5
summarizes the specifications of the ICP and SEM instruments (S-4, T-2), which are
state-of-the-art. For the PBR chemistry analysis, an older graphite furnace Atomic
Absorption spectrometer was used instead of the modem ICP instrument. All the PIE
data are documented in Chapter 5.
3.7 Chapter Summary
In this chapter the procedures and apparatus needed to prepare, operate and evaluate
a loop have been presented. According to these procedures, loop data are collected before,
during and after irradiation and analyzed by three major instruments: ICP (or AA for the
PBR run) for chemical composition analysis, SEM for sample surface morphology and
HPGe for gamma scan and activity measurement. All the measured experimental results
based on these operating procedures are discussed in Chapters 4 and 5.
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Table 3.5 Characteristics of Analytical Instrumentation
a. SPECIFICATIONS OF SEM SYSTEM
SEM
Manufacturer TOPCON TECHNOLOGIES, INCORPORATED
6940 Koll Center Parkway, Pleasanton, California 94566
Tel: (510) 462-2212
Type ABT-150C
Magnification x20 - x300,000
Electron Gun LaB6 filament
Accelerating Voltage 0.5 - 3.0 kV (100V steps) 3 - 40kV (kV steps)
Specimen Size 150 mm dia. Max
Analysis Modes Spot Line, Line Profile and X-Ray (see X-Ray system)
X-Ray System
Manufacturer NORAN INSTRUMENTS
2551 W. Beltline Hwy., Middleton, WI 53562
Tel: (608) 831-6511
Detector Type Z-MAX30: Si(Li)
System Type Voyager II
Analysis Mode Qualitative Analysis (Na - U), Quantitative Analysis (Na - U)
X-Ray Map (Na - U), X-Ray Line (Na - U)
Note: Maximum activity of specimen = 5 mCi (as currently authorized by Radiation
Protection Office)
b. SPECIFICATIONS OF ICP SYSTEM
ICP
Manufacturer SPECTRO ANALYTICAL INSTRUMENTS
160 Authority Drive, Fitchburg, MA 01420
Tel: (508) 342-3400
Type SPECTROFLAME - CP D
Monochromator #1 Wavelength: 165 - 460 nm (with nitrogen purge)
Grating: 2400 l/mm
Monochromator #2 Wavelength: 240 - 790 nm
Grating: 1200 l/mm
RF Generator Output Power: 2.5kW
Operating Frequency: 27.12 MHz
Software Color graphics displaying of wavelength scan data
On-line wavelength library with 15,000 lines
Calibration curve fitting by polynomial or straight line
Nebulizer Including Ultrasonic and Cross-flow nebulizers
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Chapter 4. RESULTS: PRETREATMENT AND PRE-
IRRADIATION EXAMINATION
4.1 Introduction
Prior to irradiation, the loop was pretreated in two stages: a prefilming phase
followed by a preconditioning phase. In this chapter, the chemistry and corrosion product
measurement results obtained during and after pretreatment are presented and discussed.
These results include:
(1) analysis of water samples from the charging tank and discharge line
(2) daily zinc concentrations in the charging tank and discharge water samples
(3) corrosion product deposition data
(4) SEM examinations
These measurements were performed to verify that the experiment was carried out
in accordance with the requirements listed in Table 3.1 during the pretreatment stage.
More operational chemistry data and other relevant measurements during the in-core run
are presented in chapter 5.
4.2 Coolant Chemistry
Charging tank and discharge line water samples were taken twice per week to
check pH, conductivity, and boron and lithium concentrations during the prefilming and
preconditioning operations. Figures 4.1 and 4.2 show the trend of the above variables
versus time. The pH and conductivity of these water samples were measured with
properly calibrated pH and conductivity meters at room (25 °C) temperature. Boron and
lithium concentrations as well as impurities in the water samples were determined by ICP.
As can be seen, the coolant chemistry during prefilming and preconditioning was
maintained at target values or EPRI guide line values (E-2) within reasonable ranges.
4.3 Zinc outlet concentration histories
Discharge line water samples were taken on a daily basis to check the zinc
concentration by ICP during preconditioning. A summary of the measured zinc
concentrations is provided in Table 4.1. Figure 4.3 shows a schematic of the sampling
location. To achieve the outlet target value of 10-15 ppb, the charging rate was increased
from 100 cc/hr to 500 cc/hr on April 21 and it was then adjusted to -350 cc/hr about 4
days before the end of the run.
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Table 4.1 Zinc Concentration Histories During Preconditioning
of the Zn Injection Run
Date Zn File Name Flow Calcu. Zn Note
Rate Inlet con.
( M/D ) (ppb ) (cc/hr) (ppb)
4/5 Tue. 48+5 DCT-I -100 Loop cold
4/6 Wed. 37+2 DCT-2 100 Loop cold
4/7 Thu. - DCT-3 92
4/8 Fri. - DCT-4 95 - 75
4/11 Mon. - DCT-5 98
4/12 Tue. - DCT-6 90 Note 1.
4/13 Wed. - DCT-7 88
4/14 Thu. - DCT-8 111
4/15 Fri. - DCT-9 106
4/19 Tue. - DCT-10 106 86
4/20 Wed. - DCT-11 102 111
4/21 Thu. - DCT-12 102 97 Increase flow rate to -500 cc/hr
4/22 Fri. am 2.5 + 0.7 DCT-13-AM 576 80 Pump failed at -18:30
4/25 Mon. am 261 + 7 DCT-14-AM 480 117 Loop cold
pm 30 + 2 DCT-14-PM
4/26 Tue. am 36 + 2 DCT-15--AM 456 26 Charging tank: 15 ± 1 ppb
pm 36 + 1 DCT-15-PM Charging tank: 14 + 2 ppb
4/'27 Wed. am 30 + 1 DCT-16-AM 420 Charging tank: 12 ± 1 ppb
Pump failed at - 18:00
4/28 Thu. am 14+2 DCT-17-AM 504
pm 14+2 DCT-17-PM Charging tank: 11 + 2 ppb
4/29 Fri. am 11+2 DCT-18-AM 510 Note 2.
pm 12+2 DCT-18-PM Charging tank: 14 ± 2 ppb
5/2 Mon. 7+2 DCT-19-AM 266 Charging tank: 8 + 2 ppb
5/3 Tue. 11+2 * DCT-20-AM 388 Charging tank: 11 + 2 ppb *
5/4 Wed. 11+2 * DCT-21-AM 380 Charging tank: 9 + 2 ppb *
5/5 Thu. 10+2 * DCT-22-AM 384 Charging tank: 10 + 2 ppb *
5/6 Fri. 10±2 * DCT-23-AM 380 Charging tank: 9 + 2 ppb *
* Samples contain 0. 1N high purity HCl.
Notes:
1. During this period, the calibrated zinc column, shown in Figure 4.3, was not
used for calculation of zinc flow rate. The average inlet zinc concentration was
estimated to be - 75 ppb because the actual zinc flow rate was found to be lower
than the value predicted on the basis of pump setting for several days. The zinc
column was thereafter used to accurately monitor the zinc flow volume through the
zinc injection pump.
2. No zinc was injected from the zinc column during this period; inlet zinc
concentration equals the charging tank zinc concentration.
3. Dashed line refers to lower than detection limit.
4. ICP detection limit: 2.5 ppb for Zn.
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Zinc Feed Column
Preconditioning Oven
Figure 4.3 Schematic of Sampling Locations for Outlet Zinc Concentration Measurement
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The inlet zinc concentration was set at 100 ppb at the beginning of the run but it was
found later that the actual flow rate through the zinc injection pump was lower than the
value corresponding to the setting on the pump control dial. The average inlet zinc
concentration was estimated to be - 75 ppb between April 5 and April 14. To accurately
monitor the zinc flow rate, a calibrated zinc solution column was added and used thereafter.
The zinc injection pump was stopped on April 27 because the zinc concentration in the
charging tank was high enough to maintain the outlet zinc concentration in the range of 10-
15 ppb.
With regard to the outlet zinc concentration, a transient during the run, as described
below, caused a temporarily high zinc concentration for several days. On April 22, the
main charging pump stopped pumping and the loop was cooled down to fix the pump. No
depressurization occurred but the zinc injection rate from the 1 ppm zinc tank increased
because the zinc injection pump continue to operate. After rebuilding the charging pump,
the preconditioning was restarted on Monday, April 25. During the startup period, the
measured outlet zinc concentration was 261 ppb, but then rapidly decreased to 30 ppb when
the loop was hot. The letdown values were within the target range 10 - 15 ppb for the last 4
days of the run.
4.4 Corrosion Product Deposition
Following the preconditioning phase of the zinc pretreatment program, Inconel and
SS samples from the loop were descaled to check the crud surface density and composition.
The samples used were taken from the end of the loop (shown in Figure 4.3), after the
coolant has traversed the entire tubing subjected to pretreatment. Table 4.2 summarizes the
results of descaling of the preconditioned SS and Inconel samples. Points of note regarding
these data are as follows:
1) SS data for the zinc run were obtained using a combination of ultrasound and
electrolysis; however, the PBR SS data are from the EPRI report (E-1).
(2) Inconel data for both the PBR and zinc run were measured using the same procedure,
which is discussed in Appendix B.
(3) Lower post pretreatment crud surface density (mg/cm 2) is observed for the zinc run than
for the PBR run: for Inconel samples, lower by a factor of 5; for SS samples, lower by a
factor of 2.
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Table 4.2 Results of Descaling of the Preconditioned SS and Inconel Samples
Table 4.2a Zinc Injection Run
Isotope Surface Density (mg/dm2) Composition (%)
SS Inconel SS Inconel
Fe 5.1 2.1 61.5 11.7
Ni 1.5 14 17.6 76.4
Cr 1.7 2.1 20.9 11.9
Co No Data (62+28) x 10 4 No Data 0.035+0.016
Zn 0.28 (163+67) x 10-3 3.4 0.92+0.38
Table 4.2b PBR Run
Isotope Surface Density (mg/dm2) Composition (%)
SS Inconel SS Inconel
Fe 11 10 57.6 9.5
Ni 2.3 80 12.0 74.9
Cr 5.8 17 30.4 15.6
Co No Data (86+12)x 10-4 No Data 0.080+0.011
Zn (91 +51)x 10-3 0.085 +0.048
Notes:
1. SS Plenum data for the PBR run are from the EPRI report (E-1); the zinc run SS
sample was descaled by using a combination of ultrasound and electrolysis.
2. The PBR Inconel data were remeasured using an archived sample (using an
ultrasonic method) in parallel with application of the same procedure to the zinc run
][nconel sample.
13. These two tables summarize the major results. More detailed data are provided in
Appendix B.
4. Composition of 316SS.: Fe (65.0%), Cr (19.0%), Ni (8.5%)
:5. Composition of Inconel-600: Fe (8.2%), Cr (15.7%), Ni (75. 1%)
74
(4) For Inconel samples, the zinc content of the crud is - 1% which is similar to, but lower
than, the 3% equilibrium zinc content of corrosion films exposed to zinc treated water (20
ppb zinc added) in an out-of-pile test reported by C. Bergman (B-1). Also note that zinc
content is higher than PBR by a factor of -ten.
(5) For SS samples, the zinc content of the crud is 3.4%, which is more than three times
higher than the Inconel data.
(6) The zinc surface density on the Zinc run Inconel sample is about two times higher than
that on the PBR sample.
4.5 SEM Examinations
Surface examination measurements were carried out using SEM apparatus.
Figures 4 to 11 show SEM photos, including Inconel, 316SS and Zircaloy-4, at different
stages before the irradiation test, from receipt through post-preconditioning. As can be
seen in these figures, the crystallite density increases after each step for the same sample
and the relative crystallite density is in the order 316SS > Inconel > Zircaloy-4. Also, a
needle-like network is found on the Inconel sample, as shown in Figures 4.10 and 4.11. In
general, the pre-irradiation SEM examination results are qualitatively in accord with
expectations and prior experience. No off-normal findings, or exceptional artifacts are
observed.
4.6 Chapter Summary
This chapter has been concerned with the measurement results obtained during and
after pretreatment. The major results include coolant chemistry and outlet zinc
concentration histories, corrosion product measurements and SEM examinations. Most of
these measurements are relevant principally to verification that the experiment was carried
out in accordance with requirements. More operational chemistry data and other relevant
measurements during the irradiation test are presented in the next chapter.
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Figure 4.4 SEM Photographs of As Received Stainless Steel Tubing,
(roughened with No.60 grit sand paper)
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Figure 4.5 SEM Photographs of Stainless Steel Tubing Aftcr PrcfilmingCZ·U~r···· \· VIU LII~JJ VLIV· ~YV·Z·
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Figure 4.6 SEM Photographs of Stainless Steel Tubing After Preconditioning
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Figure 4.7 SEM Photographs of As Received Saclay Zircaloy Tubing
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Figure 4.8 SEM Photographs of Zircaloy Tubing After Preconditioning
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Figure 4.9 SEM Photographs of As Received Inconil Tubing
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Figure 4.10 SEM Photographs of Inconel Tubing After Prefilming
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Figure 4.1 1 SEM Photographs of Inconel Tubing After Preconditioning
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Chapter 5. RESULTS: IN-PILE RUN AND POST-IRRADIATION
EXAMINATION
5.1 Introduction
In this chapter, the chemistry and radionuclide measurement results obtained during
and after the in-pile run are presented and discussed. These results include:
(1) analysis of water samples from the charging tank and discharge line
(2) daily zinc concentrations in discharge water samples
(3) radionuclide deposition on loop components
(4) corrosion product deposition data
(5) SEM examinations
A brief discussion and evaluation is also given following the presentation of these principal
results. More comprehensive evaluation and interpretation of these data is presented in
chapter 6. For those interested in the detailed data of these results, refer to Appendices B
and C.
5.2 Coolant Chemistry
Water samples from the charging tank and discharge line were taken twice per
week during in-pile operations. Principal determinants of the coolant chemistry, i.e., B, Li,
pH and conductivity, were measured as shown in Figures 5.1A and 5. lB. As can be seen,
coolant chemistry was maintained at target or EPRI guide line values (E-2) without
difficulty.
5.3 Waterborne Activities
During the run, discharge water samples were taken on a daily basis and counted
using a HPGe spectrometer. Figures 5.2 through 5.7 compare waterborne radionuclides of
interest. Note that the discharge rate is 275 cc/hr for the PBR run which is about three
times higher than the zinc injection run. Points of interest are as follows:
(1) Na-24 activity is detected in almost every water sample as shown in Figure 5.2. The
source is believed to be the leaching of sodium from the Pyrex glass which the charging
makeup water tanks are made of, and the deionized water which is used to prepare the
water chemistry. Na-24 can be used as an indicator to monitor the overall ionic impurity
level of the coolant.
(2) As shown in Figure 5.3, the tungsten activity also appears in every discharge water
sample. The main sources of this contaminant are the Inconel tubing which contains
84
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approximately 150 ppm of tungsten, and the SS plenum which contains about 600 ppm of
tungsten. W- 187 may be a useful tracer for corrosion of Inconel and 316SS.
(3) Ar-41 activity histories are shown in Figure 5.4. The source of Ar is the air saturated
water which is charged into the charging tanks and subsequently catalytically deoxygenated
prior to its injection into the loop. The activity of Ar41 in discharge water sample gives a
rough estimate of air ingress via the charging system.
(4) Mn-56 activity is about ten times higher in the zinc injection sample than in the PBR
sample, as shown in Figure 5.5. It provides a useful indicator of waterborne corrosion
product concentration.
(5) Figure 5.6 shows waterborne Co-58 activity for both the zinc injection and PBR runs.
The Co-58 activity increases with time approximately as expected. This result is consistent
with our previous finding in the NUPEC program.
(6) Co-60 and Zn-65 activities can only be found in the zinc injection samples as shown in
Figure 5.7. There is a fairly large scatter in these data due to their low activities, which are
very close to the minimum detection limits.
5.4 Zinc Inlet and Outlet Concentration Histories
Zinc concentration histories for the inlet and outlet are provided in Table 5.1. As
can be seen in this table, there are three sampling positions. Discharge water samples are
normally taken from the flow cell which is the sampling location A, as shown in Figure
5.8. The other two sampling positions, B and C, were introduced to obtain water samples
without going through the discharge line, which will be discussed later. On the first day
of the run, the initial zinc inlet and outlet measurements were made with the loop
unheated. Since the result indicates little zinc was absorbed, it was assumed that the
letdown line absorption would be negligible.
Throughout most of the run the inlet zinc concentration was maintained at about
100 ppb; meanwhile the zinc concentration at the letdown sampling location (position A)
was lower than the detection limit of 3 ppb. To achieve the outlet target value of 10-15
ppb, the charging rate was increased from 100 to 300 cc/hr about 10 days before the end of
the run. However, the outlet zinc concentration was still near the detection limit for several
days after this change. Several attempts were therefore made to take representative
samples at locations closer to the letdown stream outlet from the loop:
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Table 5.1 Zinc Concentration Histories During Irradiation Test
Date File Name Zn (ppb) Flow Calcu. Zn Note
( M/D ) A * B C* Rate Inlet con.
(cc/hr) (ppb)
6/,2 Thu. Dc-I 82+3 125 94 Loop cold;
Measured Inlet
= 116+2 ppb
6,'3 Fri. DCT-2 3+1 128 109
6/6 Mon. DCT-3 --- 106 102
6/7 Tue. DCT-4 --- 101 104
6/8 Wed. D(CT-5 --- 116 94 6/8 afternoon
loop shutdown
6/10 Fri. D(-6 9+2** No Data 97 106 6/9 afternoon
,I________ -loop re-started
6/13 Mon. DCIT-7 --- 99 108
6/14 Tue. D(-T-8 --- 103 102
6/15 Wed. DCT-9 3+2 101 106
6/16 Thu. DCT-10 --- 103 108
6/17 Fri. DCr-i --- 103 108
6/20 Mon. DCr-12 --- 102 116
6/21 Tue. Dcr-13 --- 327 92
6/22 Wed. DCr-14 --- 330 92
6/23 Thu. DCT- 15-AM 4±2 340 89
DCT-15-HCF-AM 66±2 (Imin)
DCT-15-HCF-PM 26±2 (3 hr)
DCr- I5-PM 4+2
6/24 Fri. DCT-16 5+2 347 88
DCT-16-HCF 20+2 (2 hr)
6/25 Sat. DCT-17 6+2 323 51
6/27 Mon. DCT-18-AM 29+1*** 336 51
DCT-18-PM
10+1
6/28 Tue. DCT-19 5+2 94 45
DCT- 19-bypass-AM 4+2
DCT-I9-HCF 28+2 (over night)
DCT-19-bvpass-PM 23±1 (5 min)
6/29 Wed. DCr-20 7+2 94 44
DCT-2a0bypass 17+2 (20 min)
6/30 Thu. DCT-2 1-AM 5+2 95 51
DCT-21-bypass 16+2 (20 min)
DCT-21-PM 7+2 
7/1 Fri. DCT-22-AM 6+2 95 50
DCT-22-bypass 9+2 (15 min)
DCT-22-PM 7+2
*Sampling position --- A: samples taken from flow cell; B: samples taken from bypass line near
HCF; C: samples taken from the HCF holder.
* *This sample may be contaminated due to the replacement of a back pressure regulator.
***This sample was taken right after switching from bypass line to HCF line;
the next sample (DCT- 18-PM) was taken about 5 hours later.
Notes:
1. Values in parentheses refer to the flush time before samples were taken.
2. Dashed line refers to lower than detection limit.
3. ICP detection limit: 3 ppb for Zn.
4. Samples are all acidified to contain 0. 1N high purity HCI.
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(1) The water from the hot crud filter holder and tubing (sampling location C) was sampled
after isolation and cooling. As shown in Table 5.1, the results of these measurements were
dependent on the time that letdown water was flushed through the filter holder before
sampling. Since the hot crud filter line is traceheated before the filter to maintain the
desired temperature for filtering, it is possible that considerable amounts of zinc were
deposited in the heated zone and some may have been released while samples were taken
with the heater off. In any event, higher zinc concentrations were measured in these
samples than those taken from sampling position A on the same date.
(2) The water from the hot crud filter bypass line (sampling location B) was sampled
during the final days of the run. These samples are expected to give the most accurate
measurement of the actual loop zinc concentration. As shown in Table 5.1, the results are
consistent with those samples taken from location A if a flush time of at least 20 minutes is
used before sampling.
Based on these measurements, it is concluded that the outlet zinc concentration was
lower than the specified 10 - 15 ppb zinc for most of the run. However this range was
actually reached or briefly exceeded at the end of the run.
5.5 Component Activity Deposition
In this section, activity deposition data on the zinc injection and the PBR loop
components will be presented. These are the most significant results, which relate directly
to the project goal of reducing the activity buildup by zinc injection. Figures 5.9A and 5.9B
show the locations of PIE specimens for the zinc injection run and the PBR run
respectively. These specimens were removed for destructive examination; in addition, the
hot and cold leg S/G tubing, and the SS plena are gamma scanned while intact. For the
zinc injection run, the pump disk and pump leg tubing were also gamma scanned. One
should note the following differences in post-irradiation examination between the zinc
injection and the PBR loop:
(1) One large cold leg SS plenum (24 cm in length) was employed in the PBR loop instead
of two SS plena.
(2) No separate Zircaloy samples were taken from the zinc injection loop.
(3) In the PBR run, the pump leg samples and the pump disk were not analyzed.
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The results of main component activity deposition are presented in the subsections which
follow.
5.5.1 S/G Tubes
The steam generator tubes constitute the most important part of the loop from the
point of view of the deposition of radioactive corrosion products, and are the largest
component subjected to a complete surface gamma scan. To verify detector consistency in
counting procedure and detector calibration, the steam generator from the PBR run was
recounted for Co-60 and compared with previously recorded results. As shown in Table
5.2, there is good agreement with the previous results and the zinc injection run also
compares fairly evenly with the PBR run for Co-60. Tables 5.2a and 5.2b also show the
position by position comparison of Co-60; the zinc run shows more Co-60 activity.
Figures 5.10 and 5.1 1 show hot and cold leg traverses in the direction of flow for
the zinc injection and the PBR runs. Note that the bottom 20 cm or so of each tubing run
(hot leg inlet, cold leg outlet) is high due to the effects of bulk metal activation. These
segments are excluded when computing the tubing average activities. Table 5.3 compares
average hot leg, cold leg and total activities per unit area. It is clear that there is no
reduction in activity for the zinc run when compared to the PBR run. Various details of
these data are noteworthy:
(1) Tables 5.3a and 5.3b show that the activities measured for Co-58, Co-60, and Cr-51 did
not vary much in ratio when comparing the zinc hot leg to the PBR hot leg and the zinc
cold leg to the PBR cold leg. The ratios are consistent as are the absolute activities.
(2) A much larger amount of Cr-51 is detected on the zinc run tubing compared to
the PBR run.
(3) About the same amount of Fe-59 and Mn-54 is detected on both the zinc and
PBR steam generator tubing.
(4) Zn-65 is about 3.5 times higher on the zinc run tubing compared to the PBR
run.
5.5.2 Pump Legs and Pump
Table 5.4 shows the results of counting three samples each from the inlet and outlet
legs to the pump. As can be seen in this table, activity per unit area is about the same level
as that observed on the S/G tubes. Since there are no pump leg data for the PBR run, the
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Table 5.2 Comparison of Co-60 Activity on S/G Tubing Between
the PBR and the Zinc Injection Runs
Table 5.2a Hot leg of Steam Generator Tubing
Position Co-60 Activity (nCi/cm2)
Zinc Injection PBR
40 cm 0.43 0.15
60 cm 0.50 ---
90 cm 0.40 ---
120 cm 0.50 ---
150 cm 0.51 0.32
170 cm 0.54 0.34
Average (A) 0.48 0.27
Co-60 activity N/A 0.31
from EPRI report
(B)
A/B N/A 0.87
Table 5.2b Cold leg of Steam Generator Tubing
Position Co-60 Activity (nCi/cm2)
Zinc Injection PBR
10 cm 0.82 0.86
30 cm 0.60 0.26
60 cm 0.59 0.41
90 cm 0.59 0.49
120 cm 0.47 0.38
150 cm 0.42 0.29
Average (A) 0.58 0.45
Co-60 activity N/A 0.48
from EPRI report
(B)
A/B N/A 0.94
Notes:
1. Activities have been corrected to the end of each run.
2. Sample counting time: 2000 seconds
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Figure 5.11 Steam Generator Cold Leg Activity Traverses
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Table 5.3 Steam Generator Tube Activity Deposition
Table 5.3a Hot leg of steam generator tubing
Item Activity (nCi/cm 2)
Co-58 Co-60 Cr-51 Fe-59 Mn-54 Zn-65
(20-180cm) (20-180cm) (40-180cm) 1(20-18080cm) (20-180cm)
Zinc 6.16 0.558 5.57 0.61 0.119 0.487
PBR 2.90 0.309 -0.9 0.66 0.075 - 0.2
Ratio 2.1 1.8 -6.2 0.92 1.6 -2.4
(Zinc/PBR)
Table 5.3b Cold leg of steam generator tubing
Item Activity (nCi/cm2 )
Co-58 Co-60 Cr-51 Fe-59 Mn-54 Zn-65
(0-160cm) (0-160cm) (0-140cm) (0-160cm) (0-160cm) (0-160cm)
Zinc 7.96 0.677 5.57 --- 0.127 0.907
PBR 4.20 0.475 -0.9 --- 0.169 -0.2
Ratio
(Zinc/PBR) 1.9 1.4 -6.2 N/A 0.75 -4.5
Note: Dashed line refers to lower than detection limit.
Table 5.3c Average activity of steam generator tubing
Item Activity (nCi/cm2 )
Co-58 Co-60 Cr-51 Fe-59 Mn-54 Zn-65
Zinc 7.06 0.618 5.57 0.31 0.123 0.697
PBR 3.55 0.392 -0.9 0.33 0.122 -0.2
Ratio
(Zinc/PBR) 2.0 1.6 -6.2 0.94 1.0 -3.5
103
Table 5.4 Pump Inlet and Outlet Leg Activity Data
Table 5.4a AE Pump Inlet Leg Activity for Zinc Injection Run
Description Activity (nCi/cm2)
Co-58 | Co-60 Zn-65
L- 1 (20 cm from pump leg entrance) 7.3 0.77 0.44
L-2 (70 cm from pump leg entrance) 4.7 0.67 0.38
L-3 (120 cm from pump leg entrance) 6.1 0.79 0.44
Average 6.0 0.74 0.42
Note: Samples locations refer to figure 5.8.
Table 5.4b AE Pump Outlet Leg Activity Zinc Injection Run
Description Activity (nCi/cm2)
Co-58 Co-60 J Zn-65
L-6 (20 cm from pump leg exit) 10.5 1.2 0.70
L-5 (70 cm from pump leg exit) 10.2 1.4 0.86
L-4 (120 cm from pump leg exit) 8.8 1.2 0.59
Average 9.8 1.3 0.72
Table 5.4c Average Pump Leg Activity
Description Activity (nCi/cm2)
Co-58 Co-60 Zn-65
Zinc Injection Run 7.9 1.0 0.57
PBR Run* 3.6 0.39 -0.2
Ratio (Zinc/PBR) 2.2 2.6 2.9
*Use average of S/G activity data from EPRI report (E-1)
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average of the PBR S/G activity data are used to estimate the ratios between these two runs.
Again, there is no activity reduction for the zinc injection run.
Table 5.5 shows the pump disk activity data for the zinc injection run. The activity
pickup on this 316SS component is similar to that on the 316 SS plenum surface (which is
presented in the next subsection). There are no pump disk data available for the PBR run;
therefore SS plenum data are used to estimate the activity on the PBR pump disk.
5.5.3 Inlet and Outlet Plena
Though the SS plenum surface area is only about 10 to 15% of the total area, the
plenum data are of interest because the plena are made of different material than the S/G
tubes and pump legs. Table 5.6 summarize the plenum activity data per unit area from
both the zinc and PBR runs. The results shown are the activities present in the descaling
solution after electropolishing. Interesting points are as follows:
(1) A higher activity per unit area than on the S/G tubing and pump legs.
(2) The average Zn-65 activity ratio between these two runs is about 12, which is much
higher than the S/G data (-3.5).
(3) A reduction in activities of about 70% other than zinc is observed on the SS plenum,
comparing the zinc and PBR runs.
Note that there are several differences between the Zinc and PBR plena:
(a) One large cold leg SS plenum (2.54 cm ID, 24.4 cm long ) was employed in the PBR
loop instead of both cold and hot leg SS plena (each 0.617 cm ID, 12.8 cm long) in the
Zinc loop.
(b) The interior surface of the Zinc run plenum was roughened with 60 grit emery cloth to
approximate the surface condition of PWR main coolant piping but the inner surface of the
PBR plenum was not roughened.
5.5.4 Zircaloy
The Zircaloy U-tube is in the in-core section of the loop thimble, inside a titanium
test tube, which also houses an electric heater and molten lead bath to thermally couple the
heater and Zircaloy tube. Because the bulk metal of the Zircaloy tubing is highly activated
during the loop irradiation period, direct measurement of the radionuclide composition of
its crud layer is not possible. Decontamination of the core section is necessary before
reliable data can be obtained.
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Table 5.5 Pump Disk Activity Data for Zinc Injection Run
Table 5.5a Pump Disk Activity Per Unit Area
Description Activity (nCi/cm2)
Co-58 Co-60 I Mn-54 Zn-65
Activity on pump disk corrected 30.2 7.17 1.44 6.04
to the end of Zn injection run
(A)
Activity on pump disk due to 0.88 4.51 0.71 0.31
B2 contribution corrected to the
end of Zn injection run (B)
Zinc Pump Disk Result (A-B) | 29.3 2.7 I 0.73 5.7
Table 5.5b Total Pump Activity
Description Activity (nCi/cm2)
Co-58 Co-60 I Mn-54 Zn-65
Total Pump Area 6593 608 [ 164 1283
Note: Total pump area = 225 cm2
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Table 5.6 SS Plenum Activities Per Unit Area
Table 5.6a SS Activity Per Unit Area for the Zinc Iniection Run
Item Activity (nCi/cm2 ) Z
Co-58 o-60 Fe-59 Mn-54 Zn-65
Cold 18 1.7 <0.04 0.44 3.73
Hot 22 1.9 <0.04 0.55 4.32
Average 20 1.8 <0.04 0.50 4.03
Table 5.6b SS Activity Per Unit Area for the PBR Run
Item Activity (nCi/cm2 )
Co-58 Co-60 Fe-59 Mn-54 Zn-65
PBR-2 30.8 2.95 0.96 0.42
PBR-5 24.4 2.39 No 0.83 0.25
PBR-8 21.6 2.01 Data 0.90 0.36
Average I 26 2.5 0.90 0.34
Note: Sample no. refers to different sampling location, as shown in Figure 5.8b
Table 5.6c Plena Average
Item Activity(nCim 2 )
Co-58 Co-60 Fe-59 Mn-54 Zn-65
Zinc 20 1.8 <0.04 0.50 4.03
PBR 26 2.5 No Data 0.90 0.34
(Zinc/PBR) 0.77 0.72 N/A 0.56 11.9
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After the zinc injection in-pile run, the loop was moved to the hot cell and
disassembled. However, the Zircaloy U-tube could not be extracted from the titanium test
tube, and the tubing was breached. Possible failure of both the titanium test tube and the
Zircaloy tubing is suspected. Several attempts have been made to obtain representative
data in-situ: one involved scraping the inner surface of the Zircaloy tubing; but very little
crud was removed from the tubing. The other attempts involved to decontaminating the
upper part of the Zircaloy tubing by injecting aqua regia into the tubing. A cast-in-place
silicone seal plug was used to block the breach area. However, this method was not
successful: the aqua regia leaked out of the tubing in a short time. Possible causes include
an ineffective silicone plug and/or failure of the Zircaloy tubing in this region. Therefore,
core decontamination data for the zinc injection run could not be obtained. The core data
for the PBR run is from the EPRI report (E-1).
5.5.5 Ion Exchange Columns
During an in-pile run, the ion exchange columns in the letdown line are removed
periodically and analyzed using gamma spectroscopy; therefore the total activities of
transition metals in the coolant can be determined. Table 5.7 summarizes the total activities
of transition metals deposited on the IX resin and their inferred activities per cubic
centimeter of coolant that passed through the resin. Note the following points:
(1) Waterborne Co-58 and Co-60 activity concentrations in the zinc run are about two
times higher than those in the PBR run.
(2) Less Cr-5 1, Fe-59 and Mn-54 activity concentrations are found in the zinc run.
(3) The Zn-65 activity concentration in the zinc run is about 40 times higher than that in
the PBR run.
Table 5.8 gives the chemical composition information for the material collected by
the zinc and PBR run resins. Weights of major transition metals in each resin are shown in
Table 5.8a. Based on these results and the flow volume data for the resins, the metal
concentrations in the coolant were obtained, as listed in Table 5.8b. Note that the average
zinc concentration is 1.2 ppb and 14.1 ppb for the first and second zinc resins respectively;
this latter value meets the control goal of 10 - 0, +5 ppb for the run. These data are
consistent with the outlet zinc concentration results which are shown in Table 5.1. They all
show that the zinc concentration was lower than the detection limit of 3 ppb for the first
three weeks and then more than 5 ppb zinc was observed after the increase of the inlet flow
rate. Table 5.8b also compares the transition metal concentrations between the PBR and
zinc runs. All levels are very comparable with the exception of Cr which is a factor of five
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Table 5.7 IX Resin Activity Data
Table 5.7a Total Activity on Ion Exchange Column
Isotope Total Activity (nCi)
Zinc PBR
Co-58 610.0 589.6
Co-60 94.5 64.35
Cr-51 --- 25.19
Fe-59 1.183 10.89
Mn-54 73.2 189.2
Zn-65 134.4 4.631
Notes:
11. The activities are corrected to the point at which they were removed.
2. Dashed line means lower than detection limit.
Table 5.7b Inferred Activity of Sampled Coolant (Activity / Flow volume)
concentration (pCi/cc)
Isotope Zinc PBR
Co-58 6.1 3.9
Co-60 0.94 0.43
Cr--51 --- 0.17
Fe-59 0.012 0.073
Mn-54 0.73 1.3
Zn-65 1.33 0.031
Notes:
1. Average = total activity / total flow volume
2. Flow volume data: Zinc=100743 cc, PBR=150000 cc
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Table 5.8 Transition Metals in the IX columns
Table 5.8a Weights of Major Transition Metals in the IX columns
Description Weight (mg)
Fe I Ni Cr I Co Zn
Zinc-i 0.36 1.29 0.0468 0.0096 0.0774
Zinc-2 4.43 1.29 0.785 0.030 0.511
Zinc 4.79 2.58 0.832 0.040 0.588
(Zinc-1+Zinc-2)
PBR 6.86 8.31 0.252 0.036* 0.209*
* These values were measured by ICP in 1994; other PBR values were measure by
AA in 1990.
Service period: Zinc-1 = 6/2/94 - 6/24/94; Zinc-2 = 6/25/94 - 7/1/94
Note that the letdown flowrates differed for the two runs: 100 cc/hr for the zinc run
and 275 cc/hr for PBR.
Table 5.8b Weights of Major Transition Metal per Unit Volume Coolant
Throughput for Zinc Injection and PBR Runs
Description Metal Concentration (mg/cc)
Fe Ni Cr l Co l Zn
Zinc-1 5.59x10-6 2.00x10-5 0.73x10-6 0.15x10-6 1.2x10-6
Zinc-2 1.22x10-4 3.56x10-5 2.16x10-5 0.83x10-6 1.41x10- 5
Zinc 4.75x10-5 2.56x10-5 8.26x10-6 0.40x10-6 5.84x10-6
PBR 4.6xl0 -5 5.5x10-5 1.7x10-6 0.24x10-6 1.39x10-6
Notes:
1. Metal Concentration (mg/cc) = Metal weight / Flow volume
2. Flow Volume Data: Zinc-1=64458 cc, Zinc-2=36285 cc; Total Zinc
PBR=1.5 x 105 cc
= 100743 cc vs.
3. Multiply by 106 to obtain ppb value since cc refers to room temperature water for which
density = 1.0 g/cc.
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higher in the zinc run than in PBR. As expected, chemical zinc concentration (mg/cc) is
higher in the zinc run, but only by a factor of three, which is much less than the factor of
40-fold increase of Zn-65 activity concentration (listed in Table 5.7b) in the Zinc run
resins.
5.5.6 Compilation of Loop Component Activity Data
Table 5.9 compares the activity per unit area in loop components for the Zinc and
PBR runs. As mentioned earlier, no pump leg and pump disk samples were analyzed for
the PBR run; therefore the pump leg and pump disk data are estimated using the average
S/G and plenum activities per unit area, respectively. Based on these results and the
surface area data listed in Table 5.10, the total activities deposited on each loop component
were calculated, as listed in Table 5.1 1. A summation of all the loop component activities
except for the Zircaloy core is also presented in this table. It appears that the overall Co-60
and Co-58 activities are about 30% higher for the zinc run than for the PBR run. On the
other hand, a reduction in Fe-59 and Mn-54 activities is observed in the zinc run. As
expected, Zn-65 activity in the zinc run is much higher than in the PBR run.
5.6 Corrosion Product Deposition
After the loop was disassembled, several S/G and SS plenum samples (sample
locations are shown in Figure 5.8) were descaled using a combination of ultrasound and
electrolysis. The detailed analysis procedures and measured data are listed in Appendix B.
Following descaling, the oxides removed from the samples were dissolved using aqua
regia and then the diluted solutions were analyzed for chemical composition by ICP. To
obtain the weight of removed oxides, base metal contributions in the descaling solutions
are subtracted. Table 5.12 lists the weight of removed oxides per unit area of the
measured samples. Points of note regarding these data are as follows:
(1) The uncertainty for the S/G data is about 50% due to the large amount of base metal
removed with the oxides during descaling.
,(2) A smaller amount of the base metal is removed from the SS plenum samples than
from the S/G samples during the descaling process; the uncertainty for the SS plenum data
is therefore lower than the S/G and is about 10%.
(3) SS plenum data for the PBR run are from the EPRI report (E-1); the S/G data,
however, were measured using archived samples in parallel with application of the same
]procedure to the zinc run S/G samples.
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Table 5.10 Surface Area Data for Main Loop Components
Description Surface Area (cm2 )
Zinc Injection Run PBR Run
Zircaloy Core 381 378
SS Plenum Hot Leg 25 No Hot Leg Plenum
SS Plenum Cold Leg 25 195
S/G Hot Leg 346 351
S/G Cold Leg 346 351
Pump 225 225
Pump In/Out Legs, etc. 1265 1228
Total Inconel 1957 1930
Total Stainless Steel 275 461
Total Zircaloy 381 378
Overall Total 2613 2769
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(4) As mentioned earlier, no pump leg and pump disk samples were analyzed for the PBR
run; therefore S/G and SS plenum data are used to estimate the pump leg and pump disk,
respectively, because they are made of the same material.
(5) The PBR core data listed in Table 5.12b are from the EPRI report (E-I). To obtain
these data, several Zircaloy samples (locations shown in Figure 5.8b) were decontaminated
by soaking them in aqua regia and then the diluted solutions were analyzed by AA.
Based on these results and the surface area data listed in Table 5.10, the total weight
of corrosion products deposited on each loop component was determined, as listed in Table
5.13. A summation of all the loop component corrosion product deposits except for the
Zircaloy core is also presented in this table. It appears that total nickel is 3.5 times higher
for the Zinc run than the PBR run. On the other hand, the Fe content is lower and Cr is
higher in the zinc run crud but the differences between the runs are less pronounced than is
the case for nickel content. The corrosion deposit trends are qualitatively in accord with the
activity data shown in Table 5.11 (Co-58, Fe-59 and Mn-54) and Table 5.3 (Cr-51), i.e.,
higher Ni and Cr contents correspond to more Co-58 and Cr-51 activities respectively;
lower Fe content translates to less Fe-59 and Mn-54 activities in the zinc run.
5.7 SEM Examination
Surface examination measurements were carried out using SEM apparatus after the
in-pile irradiation test. Figures 5.12 and 5.13 show SEM photos of post-irradiation Inconel
tubing from the S/G hot leg and the pump outlet leg, respectively. It appears that the pump
leg has more crystallite deposits than the S/G hot leg. This finding is consistent with
activity result; more activity (- 1.5 times) was measured on the pump outlet (Table 5.4b)
than on the S/G hot leg (Table 5.3a). Compared to the post-preconditioning Inconel
samples, shown in Figure 5.14, the post-irradiation Inconel samples have more crystals on
the tubing surface.
Figures 5.15 and 5.16 compare the crystallite size and density of the SS tubing
after and before the irradiation test, respectively. As can be seen in these two Figures, the
post-irradiation SS sample has a denser layer of larger, polygonal crystals than the post-
conditioning sample. Generally, the SEM examination results are consistent with
expectations and prior experience. No abnormal findings, or unexpected artifacts are
observed.
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Figure 5.12 SEM Photographs of Post-Irradiation Inc6nel Tubing,
Hot Leg (M-2)
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Figure 5.13 SEM Photographs of Post-Irradiation Inconel Tubing,
Pump Outlet Leg (L-6)
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Figure 5.14 SEM Photographs of Inconel Tubing After Preconditioning
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Figure 5. 15 SEM Photographs of Post-Irradiation Stainless Steel Tubing,
Hot Leg (S- 1 )
121
X200
X5000
Figure 5.16 SEM Photographs of Stainless Steel Tubing After Preconditioning
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5.8 Chapter Summary
In this chapter, the measured deposit activities and transition metal content in the
corrosion products on loop components are presented, as well as a brief discussion, and
some interpretation, of the obtained results. It is clear that there is no reduction in Co-58 or
Co-60 activities for the zinc run versus the PBR run; however some reduction in Fe-59 and
Mn-54 activities is observed. As expected, more Zn-65 activity is found in the zinc run.
In addition, the results of total corrosion product deposition are qualitatively consistent with
the overall activities measured on the ex-core components. More comprehensive
evaluation of these data is presented in the next chapter.
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Chapter 6 EVALUATION AND INTERPRETATION OF RESULTS
6.1 Introduction
The principal results have already been presented and briefly discussed in chapters 4
and 5. Appendices B and C contain additional details on the various measurements made in
the course of this research. Also in the previous chapters, a variety of comparisons between
the PBR and Zinc runs have been made to identify the possible zinc effect. In this chapter,
we start with a summary of these comparisons; following that a series of figures are
presented to show where the Zinc and PBR data stand in the general picture which contains
all our previous EPRI/ESEERCO and NUPEC results. In addition, a compilation of an
overall zinc balance is presented to show the distribution of the injected zinc in the loop.
Finally, a number of incidental findings will be addressed because of their special relevance
to interpretation of our results.
6.2 Principal Findings
6.2.1 Comparisons with the PBR run
Tables 6.la to 6.le show an overall comparison between the PBR and Zinc runs.
These tables consist of surface and total activity ratios, surface crud and total crud ratios, and
waterborne species ratios. Total activity ratios of Zinc to PBR show that Co-58 and Co-60
are in a range of 1 to 2; meanwhile Mn-54 and Fe-59 are less than or close to 1. On the
other hand, the corrosion product ratios for Fe, Ni and Cr are -1, -4 and -2 respectively.
Based on Zn-65 activity ratios, listed in Table 6.1A, the SS plena tend to absorb more zinc
than the S/G. All the surface activity or surface crud ratios, shown in Tables 6.la and 6.lc,
are less for the plena than for the S/G. Based on these comparisons, and considering the
experimental uncertainties that are associated with the measured data, it is concluded that the
injected zinc has no, or slight, effect in reducing the activity or corrosion buildup at
pH(300 0C) = 7.2.
6.2.2 Comparisons with All the PCCL Runs
(1) Comparison of average activity on S/G normalized by MW-hours
Table 6.2 lists the average activity on the S/G Inconel tubing normalized by MW-
hours for all the PCCL runs. Figures 6.1A through 6. 1D show the normalized activity data
as a function of pH. Note that a 30% one-sigma error bar is assigned to each data point as an
approximate estimate of the uncertainty. All the curves are fitted with a second order
polynomial function. It is clear that all the Zinc run data are in good agreement with the
general trends. Although the normalized activity from the Zinc run is about 2 times higher
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Table 6.1 Comparison of PBR and Zinc Runs
Table 6. la Ratio of Zinc to PBR Surface Activities
Radionuclide On S/G (Inconel) On Plena (316SS)
Co-58 2.0 0.77
Co-60 1.6 0.72
Mn-54 1.0 0.56
Fe-59 0.94 *
Zn-65 3.5 11.9
* Both PBR and Zinc data are lower than detection limit.
Table 6. lb Ratio of Zinc to PBR Total Activities
Radionuclide Total On All Components Except Zircaloy Core
Co-58 1.3
Co-60 1.3
Mn-54 0.62
Fe-59 0.33
Zn-65 5.3
Table 6. Ic Ratio of Zinc to PBR Surface Corrosion Products
Element On S/G (Inconel) On Plena (316SS)
Fe 1.3 0.99
Ni 4.3 1.4
Cr 2.1 1.2
Table 6. Id Ratio of Zinc to PBR System Corrosion Products
Radionuclide Total On All Components Except Zircaloy Core
Fe 0.86
Ni 3.5
Cr 1.6
Table 6. le Ratio of Zinc to PBR Waterborne Species*
Species Ratio
Co-58 1.6
Co-60 2.2
Mn-54 0.56
Fe-59 0.16
Cr-51 <1.0
Zn-65 43
Fe 1.0
Ni 0.46
Cr 4.9
Co 1.7
* Inferred from total material collected by letdown IX resin.
125
Table 6.2 S/G Average Activity Normalized by MW-Hours for PCCL Runs
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PCCL run MW-Hours Normalized Activity (pCi/cm2/MW-hour)
(pH300 C) Co-60 Co-58 Fe-59 Mn-54
PLI (6.5) 2115 1.99 28.4 4.92 0.57
PR1(7.0) 2328 0.73 5.15 0.99 0.15
PR2 (7.0) 1871 0.69 10.15 0.47 0.15
A2 (7.1) 9985 1.06 13.8 0.39 0.25
PBR (7.2) 1569 0.25 2.29 0.42 0.076
PBL (7.2) 1656 0.60 4.59 0.35 0.103
Zn (7.2) 1560 0.63 7.06 0.61 0.12
B2 (7.4) 10102 0.43 5.25 0.27 0.089
PH1 (7.5) 2288 0.14 3.98 0.19 0.10
S/G Average Co-60 Activity Normalized by MW-Hours
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Figure 6. 1A Variation of Co-60 Activity on S/G Tubing with pH
127
3
i
j
2.5
............... .. .............
............... .. ...............
............... ......_....
............... ................
............... ...............
.................
_............ ... ...........
................ ... ......
.........................
............. ...............
............... ...............
............. ...............
............. .............
.............................
W
0O
A
eq5:
UVa
N
E
Z
2
1.5
1
0.5
0
6.4 6.6
.................................
.................................
.................................
.................................
..................................
.................................
..................................
.................................
.................................
...............................
..................................
..............................
.....................
..... .................
................. ..........
...................
.................................
................................
.................................
.................................
.................................
.................................
.................................
.................................
.................................
.................................
................................
................................
7
I I I r FI -- 
.. .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . .. . 4. .. . .. . .. . .. . .. . .. . . . .. . .. . .. . .. . .. . .. . ... .. . .. . .. . .. . .. . .. .
S/G Average Co-58 Activity Normalized by MW-Hours
. ................................ ................................. ................................. ................................ ................................................ . .
. _......---- -r-.......................... .... ........................ ............. ........ .................................................................................................... 
_
. .. .. . .. . ........... . ... ........................ ...... .......... .. . .. .. . .. ... . .. . .. . . .. .. . ... .. . .. 0..... 
. .................................. ................. ........... 2
. ............................................M ULTIPLY pCi/cm 1M W -hour
. ......... ......... .............. ..... ... ..... .BY 370TO OBTAIN Bq/m21MW-hour
. P.L. i..........C......uv......................  .Fit: Y=1593-428X+29X 2
....... .............. -------------------------------- I--------- :.................... ................................. ..................... ...............-
_ t ............... .............; ..............................
...... .... ................. Cu v i:Y 1 9 .... 
-........... ........ ........................ ....................... ....................................................................... ._
....... .... .. ,......................, ................................ ......................... ................................ .........................
. ..... . ..... ............................ ................................ .............................-
. ................. ........ ...................... . ........ .......... .....................................................
. ................. L.......... ................ ........ !.................................................. 
. X ~~~~A2lF
. ................... -................. .. ......................................... ................. ...... 
. ...- P R2............... . ....... .................................................................
_ + g ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~. . .. . . .. . .. ......... _
. ................ ....................................  R 0...................... 2 . ......._
-: - ----WZne --
.................. .................. ................. ........... ... ... ............  .... ...... .
. ...........................-.............................................................................................................I ... ............................ ........... ,PIBRI , i ,I . . i 
6.4 6.6 6.8 7 7.2 7.4
pH at 3000C
Figure 6. l1B Variation of Co-58 Activity on S/G Tubing with pH
128
40
35
30
O5-0
Qa:!9~
-1:
1- .1
* -
O
N
co
0
25
20
15
10
5
0
7.6
S/G Average Fe-59 Activity Normalized by MW-Hours
6.8 7 7.2 7.4 7.6
pH at 300°C
Figure 6.1C Variation of Fe-59 Activity on S/G Tubing with pH
129
7
6
5
4
3
e0l
;0
O"
N
-
Po
z
2
v
6.4 6.6
S/G Average Mn-54 Activity Normalized by MW-Hours
6.6 6.8 7 7.2 7.4 7.6
pH at 3000C
Figure 6.1D Variation of Mn-54 Activity on S/G Tubing with pH
130
04
.E
V1
*-
*.-
PC
z
N
6.4
A 
than the PBR, the PBR run is a "clean" one relative to the overall'trend line - which would
tend to under-rate any benefit of zinc addition. Compared with the deviations between data
points obtained from different runs but at the same pH (pH=7.0 and 7.2) , it is believed that
the differences between the Zinc and PBR runs are within our experimental uncertainties;
therefore, it is concluded that no zinc effect is observed on the S/G data.
Since the activity curve around pH=7.2 shows a minimum in the general picture, it is
possible that zinc confers no added benefit at this optimum pH. Laboratory experiments
have shown activity and/or corrosion reduction in the presence of 10 to 20 ppb of dissolved
zinc at lower pH (L-1, B-3). Therefore, it would appear worthwhile to make a PCCL run at
lower pH and higher zinc concentration. Figure 6.2 shows all the curves together on a log
scale. For simplicity, average data from the two EPRI points at pH=7.0 and 7.2 are
presented. As can be seen in this Figure, the Zinc run data agree with the general trend
curve very well.
(2) Comparison of Measured and Predicted Activities on S/G
To predict the S/G activity, a simple model for the activity generation, transport and
deposition process has been developed and discussed in reference (D-l). Based on this
model, the ex-core surface activity per unit area for type i radionuclide is given by:
Gi(T) =(K (V/A) (Ac/At)2}ai Wi T=k ai Wi T (6-1)
where
Gi(T)= Activity per unit area on surface
K = a dimensionless distribution coefficient which relates surface to
waterborne activities. A constant value (2000) for each run is assumed.
V/A = volume to surface ratio
Ac/At = ratio of in-core to total loop surface
ai = in-core activation rate for type i radionuclide
Wi = waterborne concentration of the transition metal species which produces
type i radionuclide
T= irradiation time
As shown in Eq. (6-1), surface activity Gi(T) can be obtained by the multiplication of four
parameters. Among these parameters, K can be determined by system geometry data, ai is
calculated from reactor core neutronics and half life data, and T depends only on irradiation
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time; they are all independent of pH. The major controlling factor is Wi, the waterborne
concentration, which is estimated from the total weight of transition metal accumulated in
the let-down system IX resin divided by the total volume coolant throughput.
Table 6.3 lists the measured and the predicted S/G activity data for all the PCCL
runs. These results are plotted in Figure 6.3. It appears that the predictions for all these
runs to date follow the trend line established by Eq. (6-1). Among these data, the
measured PBR data are significantly lower than the predicted values compared to other
PCCL results; Zinc run data are also lower than expected, but they are closer to the trend
line than PBR. Based on this analysis, the PBR run seems to have lower activity buildup
than the normal trend.
6.3 Compilation of an Overall Zinc Balance
Table 6.4a shows the amount of zinc injected into the system. It appears that 6.1
mg and 8.3 mg of zinc were injected into the loop during preconditioning and irradiation,
respectively. In Table 6.4b, the difference between the injected zinc plus the weight of zinc
on the inner surface of as received Inconel tubing and the amount of zinc deposited on the
tubing surface is listed. As can be seen in Table 6.4b, the balance is off by only 0.3 mg in
7.9 mg which indicates that our measurements are consistent.
Table 6.4c shows the weight of zinc deposited on the system components including
the charging line, Inconel tubing, SS tubing, pump and discharge line. Note that the
surface zinc content on the pump leg is estimated using the S/G results. A total amount of
8.9 mg of zinc was measured deposited on all system components except for the Zircaloy
core. Detailed data for these measurements are listed in Appendix B. The weight of zinc
discharged from the system is listed in Table 6.4d showing that a total amount of 0.6 mg
of zinc was collected in the let-down system IX resin. Table 6.4e shows an overall zinc
balance. If we assume that the rest of the zinc (3.0 mg) shown in this table was deposited
on core, the core zinc density is estimated to be 0.0078 mg/cm2, which is about four times
higher than the zinc density on the pretreated Zircaloy and about two times the surface
density of zinc on the S/G Inconel. Note that the uncertainty for this value is -50%.
6.4 Other Noteworthy Findings
6.4.1 Surface Zinc Content on S/G
Eleven post-irradiation S/G samples including six from the Zinc run and five from
the PBR run were descaled to determine the surface zinc content. Table 6.5a lists the
sample description and descaling method for each sample. Table 6.5b shows the weight of
transition metal per unit area for these samples including zinc and other metals. The results
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Table 6.3 Comparison of Measured and Predicted Activities for PCCL Runs
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PCCL run Activity (nCi/cm2)
(pH300 °C) 60Co 5 8 Co 59Fe 54 Mn
Calc. Meas. Calc. Meas. Calc. Meas. Calc. Meas.
PL1 (6.5) 3.5 4.2 67 60 2 10.4 0.85 1.2
PR1(7.0) 3.0 1.7 57 12 1.7 2.3 0.72 0.35
PR2 (7.0) 1.9 1.3 37 19 1.1 0.88 0.47 0.28
A2 (7.1) 6.3 10.6 123 138 3.5 3.9 3.9 1.5
PBR (7.2) 1.9 0.39 36 3.6 1.1 0.66 0.47 0.12
PBL (7.2) 0.66 0.99 13 7.6 0.38 0.58 0.16 0.17
Zn (7.2) 2.0 0.63 38 7.06 1.1 0.61 0.48 0.12
B2 (7.4) 3.3 4.3 64 53 1.8 2.7 0.8 0.9
PH1 (7.5) 0.41 0.34 7.8 9.1 0.23 0.43 0.1 0.24
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Table 6.4 Calculation of Zinc Balance for Zinc Injection Run
Table 6.4a Weight of Zinc Injected into the System
Description Volume Zn Weight of
(cm3) Concentration Zinc
(ppm) (mg)
Inlet (Precondition) A 6360 1.0* 6.4
Discharge Tank 38000 0.009 0.3
(Precondition) B
Inlet (Irradiation) C 8320 1.0* 8.3
Total **[(A-B)/2+C] 11.4
*Zinc tank concentration
** Two complete sets of loop components are pretreated. Therefore only half of the zinc
mass is included in this calculation.
Table 6.4b Weight of Zinc Deposited on the Pretreated Components
(Before Irradiation)
Description Material Zinc Area Zinc Weight of
Density (cm2) Concentration Zinc
(mg/cm 2) (%) (mg)
S/G and Pump Leg Inconel 0.00163 3914 0.92 6.4
SS Plena SS316 0.0028 100 3.4 0.28
Zircaloy Zircaloy-4 0.00156 764 ND 1.2
Total (D) I 7.9
Weight of Zinc on the Inconel 0.00053 3914 ND 2.1
tubing surface as
received (E)
Weight of Zinc 6.1
Injected into the
System (F)
[(A-B) From Table 1]
Balance (E+F-D) | 0.3
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Table 6.4c Weight of Zinc Deposited on the System Components After Irradiation
Description Material Zinc Area Zinc Weight of
Density (cm2) Concentration Zinc
(mg/cm2) (%) (mg)
Charging Line Titanium 0.00027 450 ND 0.12
Inconel except S/G Inconel 0.00369 1265 0.19 4.67
S/G (Hot + Cold) Inconel 0.00369 692 0.8 - 6.4 2.55
S.S. (Hot + Cold) SS316 0.012 50 5.0 - 5.7 0.60
Zircaloy Zircaloy-4 ND 382 ND ND
Pump SS316 0.0041 225 ND 0.92
Discharge Line Titanium 6.0x10- 5 594 ND 0.04
Total 8.9
Note:
1. ND indicates data are not available.
2. Zircaloy4 zinc surface density was estimated to be 0.0078 mg/cm 2 by assuming
that all of the missing 3.0 mg (Balance, see Table 6.4E) of zinc was deposited on
the Zircaloy. A large uncertainty is expected in this crude estimate: - +50%.
Table 6.4d Weight of Zinc Discharged from the System
Description Volume Zn Weight of
(cm3 ) Concentration Zinc
(ppb) (mg)
IX Resin 1 64458 1.2 0.077
IX Resin 2 36285 14.1 0.511
Total 0.6
Table 6.4e Calculation of Zinc Balance
Description Weight of Zinc (mg)
Weight of Zinc Injected into the System (A) 11.4
Weight of Zinc on the tubing surface as received (E/2) 1.1
Weight of Zinc Deposited on the System Components 8.9
After Irradiation (B) [core data are not included]
Weight of Zinc Discharged from the System (C) 0.6
Balance (A+E/2-B-C) 3.0
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Table 6.5 Comparison of Surface Zinc Content Between the Irradiated PBR and
Zinc Inconel Samples
Table 6.5a Sample Description
No. Run Description Descaling Method
Cold Leg, 47-50 cm
2. Cold Leg, 100-103 cm
3. Cold Leg, 103-106 cm Ultrasound +Electrolysis
4. Zinc Hot Leg, 47-50 cm
5. Hot Leg, 100-103 cm
6. Cold Leg, 97-100 cm Ultrasound only
7. Cold Leg, 103-106 cm Ultrasound + Electrolysis
8. Hot Leg, 100-103 cm
9. PBR Cold Leg, 97-100 cm
10 Cold Leg, 57-60 cm Ultrasound only
11. Cold Leg, 87-90 cm
Notes:
1. Sample length = 3.0 cm
2. Sample area = 5.8 cm2
3. Descaling solution: 5% HN03
Table 6.5b Weight of Transition Metal per Unit Area
No. Run (mg/cm2 ) (%) Note
Zn Fe+Ni+Cr Zn/(Fe+Ni+Cr)
1. 0.00330 0.147 2.2
2. 0.00427 0.091 4.7
3. 0.00452 0.071 6.4
4. Zinc 0.00389 0.203 1.9 with base metal correction
5. 0.00249 0.301 0.8
6. 0.00290 0.095 3.0 US for 1 hr without base6. 0.00290 0.095 3.0
metal correction
Zinc Average 0.00356 0.151
7. 0.00383 0.077 5.0 US+AE for 16 minutes
8. 0.00212 0.042 5.0 with base metal correction
9. PBR 0.00520 1.52 0.34
10. 0.00473 1.17 0 0.40 US for 1 hr without base
I 1. 0.00258 1.10 0.23 metal correction
PBR Average 0.00369 0.782
Ratio - 1.0*
(Zinc/PBR)
* Zn-65 activity ratio (Zinc/PBR) = 3.5
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show that about the same amount of zinc is deposited on both the Zinc and PBR Inconel
samples, though the ratio of Zinc to PBR is 3.5 for Zn-65 activity. The source of zinc
which causes the high surface zinc content on the PBR S/G is not known. Since the Zn-
65 activity per cc coolant is about 40 times higher for the Zinc run than the PBR, it is
believed that the source of zinc is not from the charging system. Instead, it may be that
this amount of zinc has been deposited on the inner surface of the oxide film before the
irradiation test. There are only one set of data, listed in Appendix B, regarding the zinc
surface density of the pretreated Inconel; 0.00091 mg/cm2 and 0.00163 mg/cm 2 for the
PBR and Zinc runs, respectively - which contradicts the above hypothesis. Since we do
not have any PBR pretreated Inconel samples to obtain more data, the high zinc density on
the post-irradiation S/G sample becomes an unsolved question.
As shown in Table 6.4b, approximate 0.00053 mg/cm2 of zinc content was
measured on the tubing surface of as received Inconel samples. In addition, all the
descaling data listed in Appendix B show that the zinc concentration on the inner surface is
-400 ppm which is much larger than the base metal zinc concentration, -10 ppm, obtained
by NAA. Accordingly, it appears possible that the source of zinc for the PBR run is
contamination by zinc on the inner surface of the as received Inconel. Also, the same
amount of deposited zinc measured on the post-irradiation PBR and Zinc S/G tubing
might explain why no zinc effect is observed. This explanation leads to the speculation
that if we want to see the zinc effect, a 10 ppb outlet target for zinc may be not high
enough to overcome the background effect due to the surface zinc contamination.
6.4.2 Crud Removal Efficiency
In Table 6.6 , the Inconel surface crud density is more than 5 times higher for the
PBR than for the zinc run. These data were obtained using ultrasonic cleaning under the
same procedure. Compared to the data shown in Table 6.7, the Inconel data from the zinc
run are comparable to each other; however, the PBR data are 10 times higher for the pre-
irradiation sample than for the post-irradiation sample. A descaling experiment as
described in the following paragraph was carried out to explain this situation.
Two post-irradiation Inconel samples were descaled in an ultrasonic apparatus for
5, 25 and 30 minutes (total = lhr). Sample data and descaling conditions are listed in
Table 6.8a. The activity in the sample was measured before and after the ultrasonic
descaling process to obtain the activity removal efficiencies which are listed in Tables 6.8b
and 6.8c. After descaling, the oxides removed from the tubing were dissolved using aqua
regia; then the diluted solutions were analyzed for chemical composition by ICP. Table
6.8d lists the weight of transition metal per unit area for each sample.
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Table 6.6 Results of Descaling of the Preconditioned SS and Inconel Samples
Table 6.6a Zinc Injection Run
Isotope Surface Density (mg/dm2) Composition (%)
SS [ Inconel SS [ Inconel
Fe 5.1 2.1 61.5 11.7
Ni 1.5 14 17.6 76.4
Cr 1.7 2.1 20.9 11.9
Co No Data (62+28) x 10 4 No Data 0.035+0.016
Zn 0.28 (163+67) x 10-3 3.4 0.92+0.38
Table 6.6b PBR Run
Isotope Surface Density (mg/dm 2 ) Composition (%)
SS Inconel SS [ Inconel
Fe 11 10 57.6 9.5
Ni 2.3 80 12.0 74.9
Cr 5.8 17 30.4 15.6
Co No Data (86+12)x 10-4 No Data 0.080+0.011
Zn (91 +51)x 10-3 0.085+0.048
Notes:
1. S.S. Plenum data for the PBR run are from the EPRI report (E-1); the zinc run
S.S. sample was descaled using a combination of ultrasound and electrolysis.
2. The PBR Inconel data were remeasured using an archived sample (using an
ultrasonic method) in parallel with application of the same procedure to the Zinc run
Inconel sample.
3. These two tables summarize the major results. More detailed data are provided in
Appendix B.
4. Composition of 316 S.S.: Fe (65.0%), Cr (19.0%), Ni (8.5%)
5. Composition of Inconel-600: Fe (8.2%), Cr (15.7%), Ni (75.1%)
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Table 6.8 Comparison of Ultrasound Descaling Results Between the PBR and Zinc
Post-Irradiation Inconel Samples
Table 6.6a Sample Description
Sample Description Length Area Descaling Ultra-Sonic
Name (cm) (cm2) Solution Time (in.)
Zinc Cold Leg, 97-100 cm 3 5.77 5% HNO 3 5,T25 and 30
PBR Cold Leg, 97-100 cm 3 5.77 5% HNO 3 5, 25 and 30
Table 6.6b Removal Efficiencies for the Post-Irradiation Zinc Inconel Sample
Description Activity
(pCi/cm2 )
Co-58 l Co-60 Zn-65
Before Descaling A 5.6 0.44 0.62
After Descaling Zinc (0-5 min) B 3.4 0.39 0.52
to Zinc (5-30 min) C 3.1 0.26 0.39
" Zinc (30-60 min) D 2.3 0.25 0.33
Removal Efficiency 59% 43% 47%
(A-D) / A
Table 6.6c Removal Efficiencies for the PBR Post-
Irradiation Inconel Sample
Description Activity (Ci/cm 2)
Co-60
Before Descaling A 0.30
After Descaling PBR (0-5 min) B
_ I" PBR(5-30 min) C <0.069
o" PBR (30-60 min)D
Removal Efficiency > 77%
(A-D) / A
Table 6.6d Weight of transition metal per Unit Area
Sample _ (mg/cm 2 ) (%)
Name Fe Ni f Cr [ Zn j Fe+Ni+Cr Zn/(Fe+Ni+Cr)
Zinc (0-5 min.) 0.012 0.064 0.0069 0.0020 0.083 2.4
Zinc (5-30 min.) 0.00094 0.0060 0.00089 0.00053 0.078 6.8
Zinc (30-60 min) 0.00039 0.0033 0.00045 0.00041 0.0041 10
Zinc Total (0-60 min.) 0.013 0.073 0.0082 0.0029 0.095 3.0
PBR (0-5 min.) 0.099 0.75 0.15 0.0033 1.00 0.33
PBR (5-30 min.) 0.047 0.37 0.074 0.00090 0.49 0.18
PBR (30-60 min.) 0.014 0.012 0.0023 0.00095 0.029 3.3
PBR Total (0-60 min.) 0.16 1.13 0.23 0.0052 1.52 0.34
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Note the following points:
(1) Under the same descaling conditions, more than 77% of the Co-60 was
removed from the PBR sample in 5 minutes of descaling; however it took 1
hr to remove only 43 % of the Co-60 activity from the Zinc sample. It
appears that it is more difficult to remove activity from the Zinc sample than
from the PBR sample.
(2) The oxide removal rate (0-5 min.) for the PBR sample is more than ten times
higher than that from the Zinc sample; the base metal removal rate (30-60min)
is sevenfold higher. This removal rate difference is qualitatively consistent
with the activity removal rate. These results explain why the surface crud
density is much higher for the Inconel data, as shown in Table 6.6.
In general, then, one can comment the post-preconditioning corrosion product data
(Table 6.6) as follows:
(a) The Inconel data in the Zinc run, shown in Table 6.6a, is underestimated
because the preceding experiment shows that not all the activity has been
removed and obviously there are no activity measurements available on pre-
irradiation specimens to correct for removal efficiency. However, the PBR
Inconel data are overestimated due to the high base metal removal rate.
(b) The Zinc pretreated Inconel data obtained with ultrasound (Table 6.6a) are
comparable with those data obtained with electrolysis (Table 6.7a) because
the base metal removal rate is very low for the ultrasonic method; however
the PBR data, as shown in Table 6.6b and Table 6.7b, are much higher with
ultrasound than with electrolysis because the base metal contributions are
estimated and subtracted in all the (multisteps) electrolysis data, but not in
the (single-step) ultrasound data.
6.4.3 Waterborne Transition Metal Concentrations
Table 6.9 and Figure 6.4 compare waterborne metal concentrations for all the
PCCL runs. The metal concentrations were measured by analyzing the metal content in the
system IX resin and then dividing by the total coolant volume throughput. As can be seen,
there is a consistent overall trend of lower concentration as pH increases. This trend is
similar to the curves obtained from S/G data, as shown in Figure 6.2. Note that Zinc data
143.
Table 6.9 Coolant Transition Metal Concentrations Inferred
from Letdown IX Resin Analysis
PCCL run Metal Concentration(ppb) Note
(pH300 °C) Fe Ni Cr
PL1 (6.5) 85 90 3.1 *
PR1(7.0) 72 87 3.2
PR2 (7.0) 47 128 2.0 *
A2 (7.1) 31 36 2.6 **
PBR (7.2) 46 55 1.7 *
PBL (7.2) 16 19 3.5 *
Zn (7.2) 48 26 8.3
B2 (7.4) 16 15 1.8 **
PH1 (7.5) 10 9 1.0 *
Note: * measured using AA analyzer; ** measured using ICP analyzer.
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are in good agreement with the trend curve. Again, no zinc effect is observed from these
data.
6.5 Chapter Summary
This chapter provides a more in-depth evaluation of results, and a consistency test
between Zinc run data and all other PCCL runs. All results confirm that the injected zinc
has no, or slight, effect in reducing activity or corrosion buildup. The zinc content on each
system component has been measured after pretreatment and irradiation, respectively; it
appears that the injected zinc and the total amount of zinc deposited on the system are in
good agreement. The possibility that as-received Inconel has a surface layer high in zinc
content is raised.
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Chapter 7. SUMMARY, CONCLUSIONS AND
RECOMMENDATIONS
7.1 Summary and Conclusions
An in-pile PWR coolant chemistry loop (PCCL) which closely simulates the
primary coolant system of a PWR has been constructed and operated at the MIT Nuclear
Reactor Laboratory. The PCCL models at approximately one-third scale, one unit flow cell
(one steam generator tube coupled to one intra-fuel-pin channel) of a full-scale PWR.
Figure 7.1 shows selected physical comparisons between a typical PWR and the PCCL.
The principal use of the PCCL is to test chemistry control strategies which will minimize
ex-core activity buildup, hence radiation exposure, during maintenance operations in
PWRs. An initial series of seven one-month-long runs was carried out under
EPRI/ESEERCO auspices (E-1, K-1). Then two 3000 hour runs, having similar
objectives but longer runs (3000 hot hours in-pile vs. 650), sponsored by NUPEC (D-1,
K-2) were completed. The principal focus in these two campaigns was pH optimization
through adjustment of relative LiOH and H3BO3 concentrations. These results show that
the activity deposition has a broad minimum value in the range of pH(300 °C) = 7.2 to 7.4.
In conjunction with an optimum coolant pH, it has been speculated that a further
reduction in maintenance doses may be realized if zinc injection is employed in PWRs.
Zinc injection is an established technique for reducing radioactive transition metal
deposition on out-of-core components of BWR coolant circuits. The mechanism of the
zinc effect is still not well known. One hypothesis is as follows (M-1): Iron, nickel, and
cobalt tend to form cation-deficient oxides. Because of the defects in the crystal lattice,
other cations are allowed to migrate within the oxides and consequently new cations can
be formed at the metal surface. Hence, the corrosion process at the metal surface can occur
continuously. On the other hand, zinc tends to form cation-excess oxides. The excess
zinc ions migrate to the vacant defects, blocking sites where other ions can be incorporated.
Since the zinc oxide is highly protective to the base metal, the formation of this oxide on
the metal surface inhibits the subsequent corrosion. However, the reason why the zinc
oxide is so protective to the base metal is not known with certainty.
Some out-of-pile experiments (L-l) under simulated PWR conditions indicated
that zinc addition can significantly reduce the pick-up of Co-60 by both Inconel and
stainless steel. References (B-3) and (E-4) report that addition of zinc delays the onset and
reduces the severity of stress corrosion cracking in the primary coolant water system
(PWSCC). Zinc addition also reduces the corrosion or corrosion release rates of iron and
nickel base alloys by a factor of approximately 2-5 relative to a zinc-free environment (A-
1, B-5). In addition, there is a program currently underway to test the effect of zinc
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addition in an operating plant (B-l). However, there is no prior work using in-pile
irradiation tests to confirm the dose reduction benefits of zinc additions for PWRs.
Accordingly, a in-pile loop zinc injection test, which is the subject of this report, was
carried out using the PCCL to perform preliminary experiments on the effects of zinc
addition on activity buildup and corrosion release control. This run was sponsored by
Mitsubishi Heavy Industries, Japan.
In this study, a 666 hot hour in-pile run was performed. With the exception of the
main circulating pump, the loop was initiated using fresh tubing throughout, prefilmed and
preconditioned under hot operating conditions out-of-pile for a total of 1000 hours to
establish a significant corrosion film prior to in-pile exposure. The loop was prefilmed for
500 hours without zinc addition; however 100 ppb zinc was injected to reach the outlet
target goal of 10-15 ppb during the 500 hour preconditioning phase. No detectable outlet
zinc concentrations were measured for the first two weeks; however the outlet values were
within this target range for the final four days of the preconditioning.
Once the loop was prefilmed and preconditioned, it was then installed in the MIT
reactor and operated and irradiated for about a month. The principal features of the PCCL
for the zinc injection run are shown schematically in Figure 7.2. The major difference
between the current facility and the previous EPRI/ESEERCO and NUPEC loops is the
addition of a zinc injection system. In the conduct of this test, the most important control
variable is the concentration of dissolved zinc in the primary coolant. The inlet zinc
concentration was in the range of 50 to 100 ppb during the irradiation test; the outlet zinc
concentration was less than 10 ppb during most of the run but it reached or briefly
exceeded 10 ppb at the end of the run. During the irradiation the radionuclides in discharge
water samples and IX resins were measured using a high purity germanium (HPGe)
gamma detection system. Discharge zinc concentration histories during the
preconditioning and irradiation were determined with an Inductively Coupled Plasma
(ICP) emission spectrometer. Furthermore, boron, lithium, and transition metal
concentrations in the coolant were checked routinely by ICP during the entire run.
After completion of the irradiation test, the entire primary circuit was removed for
analysis. With the exception of the Zircaloy U-tube, all tubing including stainless steel and
Inconel was assayed directly for the activity per unit area of all important gamma emitters
including Cr-51, Mn-54, Co-58, Fe-59, Co-60 and Zn-65 using the HPGe gamma
detection system. After being gamma scanned, tubing segments were cut and descaled.
Following descaling, the oxides removed from the tubing were analyzed for chemical
composition by ICP. The surface morphology of the tubing specimens, including as-
received, prefilmed, preconditioned and post-irradiation samples, was examined by
scanning electron microscope (SEM). Finally the loop component activity and corrosion
product deposit data obtained from this zinc injection run and the previous PBR run at the
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same pH but without zinc injection (E-1) were analyzed and compared to examine the
effectiveness of zinc addition to reduce corrosion and activity deposition.
Tables 7.a to 7.le show an overall comparison between the PBR and Zinc runs.
These tables consist of surface and total activity ratios, surface crud and total crud ratios,
and waterborne species ratios. Of particular interests of these comparisons are the total
activity and total crud ratios which are plotted in Figure 7.3. As expected, in this figure the
Zn-65 activity for the Zn run is much higher than that for the PBR run. For corrosion
products, total nickel is 3.5 times higher for the Zinc run than the PBR run. Note that the
uncertainty for the corrosion product analysis is -50%, especially for nickel, because
nickel is the main constituent of the S/G Inconel. The source of uncertainty is mainly due
to the base metal contribution during the electrolytic descaling process. Therefore, the
actual difference of nickel content between these two runs may be less than the measured
result. Based on these comparisons, and considering the experimental uncertainties that are
associated with the measured data, it is concluded that the injected zinc has no, or slight,
effect in reducing the activity or corrosion buildup at pH( 300 °C ) = 7.2.
Furthermore, when comparing the average activity on the S/G Inconel tubing
between the Zinc run and all the other PCCL runs, the Zinc run data are in good
agreements with the general curve as shown in Figure 7.4. This result is also verified by a
model- based consistency test. Figure 7.5 shows the comparison of the measured and the
model-predicted S/G activity between the Zn run and all the previous runs. It appears that
the Zinc run agrees with the trend line correlating the experimental results very well. In
addition, the measured zinc content on each system component shows that the injected zinc
and total amount of zinc deposited on the system are in good agreement. While the zinc
run was not long enough in terms of material endurance testing requirements, the surface
examination measurements by SEM do not indicate any particular off-normal findings, or
exceptional artifacts.
7.2 Recommendations
Since the activity curve around pH(300 °C)=7.2 shows a minimum, it is possible
that the zinc effect confers no added benefit at this optimum pH. However laboratory out-
of-pile experiments (L-1, B-3) have shown activity and/or corrosion reduction in the
presence of 10 to 20 ppb of dissolved zinc at lower pH. These out-of pile experiments
together with our in-pile test are summarized in Table 7.2. One can speculate that zinc
addition is to some extent equivalent to an incremental pH increase. If so, this would be
useful because of the desire to reduce lithium concentration in PWR coolant. Note that
unlike the PCCL, there are no boundary layer temperature differences in the out-of:pile
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Table 7.1 Comparison of PBR and Zinc Runs
Table 7. la Ratio of Zinc to PBR Surface Activities
Radionuclide On S/G (Inconel) On Plena (316SS)
Co-58 2.0 0.77
Co-60 1.6 0.72
Mn-54 1.0 0.56
Fe-59 0.94 *
Zn-65 3.5 11.9
* Both PBR and Zinc data are lower than detection limit.
Table 7. lb Ratio of Zinc to PBR Total Activities
Radionuclide Total On All Components Except Zircaloy Core
Co-58 1.3
Co-60 1.3
Mn-54 0.62
Fe-59 0.33
Zn-65 5.3
Table 7. Ic Ratio of Zinc to PBR Surface Corrosion Products
Element On S/G (Inconel) On Plena (316SS)
Fe 1.3 0.99
Ni 4.3 1.4
Cr 2.1 1.2
Table 7. id Ratio of Zinc to PBR System Corrosion Products
Radionuclide Total On All Components Except Zircaloy Core
Fe 0.86
Ni 3.5
Cr 1.6
Table 7. le Ratio of Zinc to PBR Waterborne Species*
Species Ratio
Co-58 1.6
Co-60 2.2
Mn-54 0.56
Fe-59 0.16
Cr-51 <1.0
Zn-65 43
Fe 1.0
Ni 0.46
Cr 4.9
Co 1.7
* Inferred from total material collected by letdown IX resin.
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experiments. Temperature differences play an important role in corrosion product
transport.
Based on these comparisons, it is recommended that another PCCL zinc injection
run be done at lower pH (-7.0) and higher zinc concentration (20 - 40 ppb). The higher
value is also likely to be more effective in protecting against PWSCC. To increase the zinc
content in the entire oxide film right down to base metal prior to irradiation testing, it is
also recommended that zinc be introduced to the loop at the start of the prefilming stage.
There are two unresolved questions arising from this study. The first is that we
found the oxides on the PBR post-irradiation Inconel sample much easier to remove by
ultrasonic descaling than those on the Zinc run samples. The oxide removal rate for the
PBR sample is more than tenfold higher than that from the Zinc sample. Since different
batches of Inconel tubing were used for these two experiments, it is difficult to tell if this
effect is due to the zinc injection or somehow related to use of a different batch of Inconel
tubing. The second unresolved question is that about the same amount of zinc is deposited
on both the post-irradiation Zinc run and PBR run Inconel, though the ratio of Zinc to PBR
is 3.5 for Zn-65 surface deposited activity (and 43 for waterborne activity) which suggests
that the former had more surface/moble zinc species. Based on the analysis shown in
Table 7.3, most of the observations seem to support the hypothesis that zinc was
introduced to the PBR loop before the irradiation test. Of particular interest are
measurements showing that zinc in the surface layer is higher than in the bulk metal in as-
received Inconel. Based on the above experience, using the same batch of tubing for
future experiments is highly recommended (enough is on hand at MIT for two to three
runs). Further study of surface zinc content in Inconel tubing is also of interest: for both
loop and actual reactor tubing.
The descaling method used in this report differs from the MHI method used in the
NUPEC project (D-1). To descale one sample, the MHI method employs three kinds of
descaling solutions and nine steps; the method that we used involves one descaling
solution and basically two or three steps. The uncertainties in the SS and Inconel descaling
results obtained by the MIT method are different; -20% for the SS samples and -50% for
the Inconel samples. For SS samples, less than 20% of removed transition metals are
from the base metal contribution; however, for Inconel, more than 90% are from the base
metal contribution. Higher base metal contribution translates into larger uncertainty in the
results. Note that these uncertainties refer to Fe, Ni and Cr surface crud density; the
uncertainty for zinc is less than 20% for both the Inconel and SS samples because there is
very little zinc in the base metal. Since the surface crud density data for Fe, Ni and Cr
show -50% uncertainty for the Inconel tubing, this also leads to high uncertainty in
calculating the zinc concentration in the crud. To obtain more accurate zinc concentration
data in the removed crud, we need to reduce the 50% uncertainty to a lower level. It is
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Table 7.3 Hypothesis To Explain High Zinc Content on the PBR Post-irradiation Samples
The high zinc surface density
(0.00369 mg/cm 2) of the PBR
post-irradiation Inconel tubing is
caused by the zinc contamination
on the tubing surface before
inradiation.
1. Different batches of Inconel
tubing were used for the PBR and
Zinc runs. Hence it is possible
that different levels of zinc
contamination were present for
each run.
2. Based on IX resin data, Zn-65
activity per cc coolant for the
PBR run is about 40 times lower
than the Zn run; also, average
coolant zinc concentration for the
PBR run is only -25% of the Zn
run value. This might indicate
that zinc was not introduced to the
loop through the charging system
in the PBR run.
3. One as-received Zn Inconel
sample shows 0.00053 mg/cm2
zinc surface density (more than
100 times higher than inferred
from bulk metal). This supports
the speculation that there is some
zinc contamination on the Inconel
surface.
4. The PBR post-irradiation data
show zinc surface density varying
form 0.00212 to 0.00520
mg/cm2 . Surface zinc density is
not uniformly distributed; one set
of pretreated data may not
represent the average situation.
1. One PBR pretreated Inconel
sample shows 0.00091 mg/cm2
zinc surface density, which is
about four times less than the zinc
content on the PBR post-
irradiation Inconel sample.
2. All the PBR post-irradiation
data show zinc surface density
varying from 0.00212 to 0.00520
mg/cm 2. However, all these
values are higher than the
pretreated data (0.00091
mg/cm 2 ). This result suggests
that zinc was introduced into the
system during the in-pile test.
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Hypothesis

Pro Con
recommended that a better, but not more complicated, descaling method be developed to
reduce the uncertainty of the surface crud density data for the Inconel tubing.
Recent zinc injection test results at Farley nuclear plant (P-2) show high crud
accumulation on the fuel surface, it would be worthwhile to examine this phenomenon in
subsequent zinc injection runs.
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Appendix B DESCALING METHODS AND DETAILED DATA
B.1 Introduction
Various descaling methods have been developed to descale loop components
including Inconel tubing, SS plenum tubing, pump discs, Zircaloy-4 tubing and Titanium
tubing. The major results of these descaling experiments are presented or discussed in
chapters 4 to chapter 6. The following sections show the detailed data and calculations
which lead to the major results. For simplicity, Table B. 1 provides a guide to relate the
table numbers between the major results and detailed data.
Table B. 1 Guide to Find the Detailed Data for the Maior Results
Items | Major Results [ Detailed Data
1. Table 4.2a(Table 6.6a)
Post-Preconditioning Inconel Tables B.2 and B.3
Post-Preconditioning SS Tables B. 11 B. 14
2. Table 4.2b(Table 6.6b)
Post-Preconditioning Inconel Tables B.2 and B.3
3. Table 5.12a(Table 6.7a)
Post-Irradiation Inconel Table B.4 - B. 10
Post-Irradiation SS Tables B.15 - B.19
4. Table 5.12b (Table 6.7b)
Post-Irradiation Inconel Tables B.4 - B. 10
5. Table 5.6a Tables B.20 and B.21
Post-Irradiation SS
6. Table 6.4b
Post-Preconditioning Inconel Table B.2
Post-Preconditioning SS Table B.13
Post-Preconditioning Zircaloy-4 Tables B.27 - B.28
7. Table 6.4c
Post-Irradiation Charging Line Tables B.29, B.30 and B.33
Post-Irradiation Inconel Table B.7
Post-Irradiation SS Table B.18
Post-Irradiation Pump Tables B.22 - B.26
Post-Irradiation Discharge Line Tables B.3 1, B.32 and B.33
B.2 Inconel Tubing
Two descaling methods were used to descale the Inconel samples. One is the
ultrasonic method; all the pre-irradiation Inconel samples were descaled by this method. The
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other is a combination method employing ultrasound and electrolysis; most of the post-
irradiation samples were descaled by this electropolishing method.
B.2.1 Pre-Irradiation Inconel Samples
Four pretreated Inconel (Zinc-l, Zinc-2, PBR-1 and PBR-2) and one as-received
Inconel (New-1) samples were descaled in an ultrasonic apparatus, shown in Figure B. 1,
for 30 to 60 minutes. The outer surface of the samples was coated with paint (Zinc-2 and
PBR-2) or covered either with heat-shrink-rubber tubing (Zinc-l and PBR-1) or Teflon
tubing (New-1) to avoid direct contact with the descaling solution (5% nitric acid). After
descaling, the oxides removed from the tubing were dissolved using aqua regia. Then the
diluted solutions were analyzed for chemical composition by ICP. The measured results
are listed in Tables B.2 and B.3. Because of high zinc contamination in the heat-shrink-
rubber tubing, zinc content on the Zinc-i and PBR-1 samples can not be determined. The
zinc concentration in the descaling solution due to the contribution from the paint or heat-
shrink-Teflon tubing is normally less than 20% of the total. This percentage is much
smaller than from the heat-shrink-rubber tubing (usually more than 50%). Since the
procedure involved in covering the sample with heat-shrink-Teflon tubing is much easier
than coating the sample with paint, most of the descaled samples, including Inconel, SS
and Zircaloy-4 specimens, were covered with Teflon tubing in subsequent work.
Table B.2 Removed Transition Metal Mass per Unit Area for Post-Preconditioning or As-
Received Inconel Samples
Sample Area (mg/cm2 )
Name (cm2) Fe Ni Cr Co Zn
Zinc- 1 5.77 0.0360 0.1683 0.0305 <0.00052
(Rubber) +0.0007 +0.0014 +0.0003
Zinc-2 10.96 0.0206 0.1350 0.0211 (62+28) (163+67)
(Paint) +0.0001 +0.0004 +0.0001 x 10-6 x10-5
PBR-1 3.85 0.122 0.865 0.170 (78±26)
(Rubber) +0.001 +0.005 +0.006 x 10-5
PBR-2 5.77 0.102 0.802 0.167 (86+12) (91+51)
(Paint) +0.001 +0.003 +0.002 x 10- 5 x 10 ' 5
New-i 5.77 0.00714 0.0615 0.0106 No Data 0.000530
(Teflon)
164
)nel sample covered
i Teflon tube
ml glass beaker
Water bath
Figure B. 1 Schematic of
(Not To Scale)
Ultrasound Set-up for Inconel Descaling Experiment
Table B.3 Chemical Composition of Removed Oxides for Post-Preconditioning or As-
Received Inconel Samples
Sample Area Concentration (%)
Name I(cm2) Fe | Ni [ Cr [ Co Zn
Zinc- 1 5.77 15.3 71.7 13.0 < 0.22 *
(Rubber) +0.3 +0.7 +0.2
Zinc-2 10.96 11.7 76.4 11.9 0.035 0.92
(Paint) +0.1 +0.3 +0.1 +0.016 +0.38
PBR- 1 3.85 10.5 74.8 14.7 0.067 *
(Rubber) +0.2 +0.7 +0.5 +0.022
PBR-2 5.77 9.5 74.9 15.6 0.080 0.085
(Paint) +0.1 +0.3 +0.2 +0.011 +0.048
New-1 5.77 9.0 77.7 13.4 ND 0.67
(Teflon)
Notes:
1. Zinc-i and PBR-1 were covered with heat-shrink-rubber tubing; Zinc-2 and PBR-2
were coated with paint and New-i was covered with heat-shrink-Teflon tubing.
2. Transition metal concentration = element mass / total mass (Fe+Cr+Ni)
3. Descaling time for New-i sample is lhr; the others are 30 minutes.
4. *: This value can not be determined due to high zinc contamination from heat-shrink-
rubber tubing.
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B.2.2 Post-irradiation Inconel Samples
Most post-irradiated S/G samples were descaled by using a combination of
ultrasound and electrolysis apparatus as shown in Figure B.2. Sample descriptions and
descaling conditions are listed in Table B.4. The activity in the sample was measured
before and after each descaling step to obtain the activity removal efficiencies which are
listed in Table B.5. After descaling, the oxides removed from the tubing were dissolved
using aqua regia. Then the diluted solutions were analyzed for chemical composition by
ICP. Weights of major transition metals in descaling solution are listed in Table B.6.
Table B.7 lists the removed transition metal mass per unit area. Note that the Cold-2m
sample, at location right next to cold-2, was used to test the reproducibility of the
measurement results. It appears that the uncertainty of these measurements is on the order
of +40%. Table B.8 shows more detailed data for each descaling step. The chemical
compositions of removed oxides are shown in Tables B.9; Table B.10 provides more
detailed chemical composition data.
Tube
mple covered
:h Teflon tubing
D ml glass beaker
Water bath
(Not To Scale)
Figure B.2 Schematic of Ultrasound and Electrolysis Setup
for Inconel Descaling Experiment
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Table B.4 Sample Descriptions and Electropolishing Conditions for Post-Irradiation
Inconel Samples
Run Sample Description
Name
Cold-i S/G Cold Leg 47-50 cm
Cold-2 S/G Cold Leg 100-103
Cold-2m S/G Cold Leg 103-106
Zinc Hot-i S/G Hot Leg 47-50 cm
Hot-2 S/G Hot Leg 100-103 cm
Zinc-7 I Taken from section between
pump leg and S/G
Cold-2 j S/G Cold Leg 103-106 cmPBR
Hot-2 S/G Hot Leg 100 - 103 cm
Notes:
1. Electrolyte: 0.1N HNO3; Current Density: 17mA/cm 2
2. Sample length=3 cm; Sample inner surface area: 5.77 cm2
Table B.5 Activity Removal Efficiencies for Post-Irradiation Inconel Samples
Run Sample Efficiency
Name Co-58 Co-60 T Zn-65
Cold-1 (0-4 min) 52% 64% 32%
Cold-i (4-8 min) 95% >94% >90%
Cold-2 (0-4 min) 63% 60% 51%
Cold-2 (4-8 min) 99% >92% >90%
Cold-2m (0-8 min) 96% >93% >86%
Zinc Hot-1 (0-4 min) 64% >90% 67%
Hot-1 (4-8 min) 74% >90% >78%
Hot-2 (0-8 min) 97% >86% >79%
Zinc7A (0-2 min) 63% 83% 54%
Zinc7B (2-4 min) 91% > 92% 88%
Zinc7C (4-6 min) > 99.6% > 92% > 90%
Zinc7D (6-8 min) > 99.6% > 92% > 90%
PBR Cold-2 (0-8 min) N/A >83% N/A
Hot-2 (0-8 min) N/A >80% N/A
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Table B.6 Weights of the Major Transition Metals in Inconel Crud Decontamination Solution
for Post-Irradiation Inconel Samples
Sample
Name
Cold-1 (0-8 min)
Cold-i (8-16 min)
Cold-2 (0-8 min)
Cold-2 (8-16 min)
Cold-2m (0-8 min)
Cold-2m (8-16 min)
Hot-1 (0-8 min)
Hot-1 (8-16 min)
Hot-2 (0-8 min)
Hot-2 (8-16 min)
Zinc7-A (0-2 min)
Zinc7-B (2-4 min)
Zinc7-C (4-6 min)
Zinc7-D (6-8 min)
Zinc-7 (0-8 min)
Zinc7-E (8-10 min)
Zinc7-F (10-12
min)
Zinc7-G (12-14
min)
Cold-2 (0-8 min)
Cold-2 (8-16 min)
Hot-2 (0-8 min)
Hot-2 (8-16 min)
Ni
7.612
6.925
7.744
7.310
7.875
7.510
7.938
7.137
8.154
6.834
4.06
2.57
1.87
1.61
10.11
1.83
2.00
1.84
8.490
8.200
7.728
7.626
(mg)
Cr I
1.407
1.337
1.443
1.421
1.498
1.466
1.512
1.379
1.551
1.342
0.756
0.496
0.358
0.317
1.927
0.353
0.390
0.355
1.582
1.517
1.418
1.371
Zn
0.02285
0.00380
0.02715
0.00255
0.03070
0.00460
0.02319
0.00303
0.01701
0.00264
0.00786
0.00416
0.00540
0.00156
0.01898
0.00138
0.00473
0.00113
0.02605
0.00395
0.01662
0.00444
Total (Fe+Ni+Cr)
9.76
8.91 (2.23mg/2min)
9.95
9.43 (2.49mg/2min)
10.18
9.69 (2.42mg/2min)
10.26
9.20 (2.30mg/2min)
10.57
8.83 (2.21mg/2min)
5.35
3.31
2.48
2.14
13.28
2.36
2.59
2.37
11.10
10.65 (2.66mg/2min)
10.15
9.91 (2.48mg/2min)
Notes:
1. Base metal removal rate ranges from 8.83 to 10.65 mg per 8 min.
2. Variation of base metal removal rate may depend on current fluctuation (+/- 5%) and
sample itself.
3. For Fe, Ni and Cr, base metal contributions are more than 90% of the total measured
transition metals collected in the first 8 min of the AE descaling; For zinc, base metal
contributions are less than 25% of the total measured zinc.
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Run
Zinc
PBR
Fe
0.741
0.645
0.760
0.694
0.810
0.711
0.806
0.681
0.860
0.654
0.536
0.242
0.249
0.217
1.244
0.173
0.195
0.174
1.027
0.932
1.002
0.908
Table B.7 Removed Transition Metal Mass per Unit Area for Post-Irradiation Inconel
Samples (Major Results)
Run Sample (mg/cm2)
Name Fe Ni Cr Zn
Cold-1 0.016 0.119 0.012 0.00330
Cold-2 0.012 0.075 0.004 0.00427
Zinc Cold Leg Average 0.014 0.097 0.008 0.00379
Cold-2m 0.018 0.047 0.006 0.00452
Hot-1 0.024 0.154 0.025 0.00389
Hot-2 0.036 0.229 0.036 0.00249
Hot Leg Average 0.030 0.192 0.031 0.00319
Average 0.021 0.125 0.017 0.00369
(Cold- 1,2,2m and
Hot-1i, Hot-2)
Cold-2 0.016 0.050 0.011 0.00383
PBR Hot-2 0.017 0.017 0.008 0.00212
Average 0.017 0.034 l 0.010 0.00298
Notes:
1. The differences between Cold-2 and Cold-2m are within +/- 40%.
2. Removed transition metals per unit area are 1-3 times higher than PBR results
when compared using the same descaling method.
3. About the same level of zinc was measured for both the PBR and Zn runs.
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Table B.8 Removed Transition Metal Mass per Unit Area for Post-Irradiation Inconel Samples
(Detailed Data)
Run Sample (mg/cm 2)
Name Fe Ni Cr [ Zn
Cold-i (0-8 min) 0.128 1.319 0.244 0.00396
Cold-i (8-16min) 0.112 1.200 0.232 0.000659
Cold-1 0.016 0.119 0.012 0.00330
Cold-2 (0-8 min) 0.132 1.342 0.250 0.00471
Cold-2 (8-16 min) 0.120 1.267 0.246 0.000442
Cold-2 0.012 0.075 0.004 0.00427
Cold-2m (0-8 min) 0.141 1.349 0.260 0.00532
Cold-2m (8-16 min) 0.123 1.302 0.254 0.000797
Cold-2m 0.018 0.047 0.006 0.00452
Hot-1 (0-8 min) 0.140 1.376 0.262 0.00402
Hot-1 (8-16 min) 0.118 1.237 0.239 0.000525
Hot-I 0.024 0.154 0.025 0.00389
Hot-2 (0-8 min) 0.149 1.413 0.269 0.00295
Zinc Hot-2 (8-16 min) 0.113 1.184 0.233 0.000458
Hot-2 0.036 0.229 0.036 0.00249
Zinc7A (0-2 min) 0.0929 0.704 0.131 0.00136
Zinc7B (2-4 min) 0.0419 0.445 0.0860 0.000721
Zinc7C (4-6 min) 0.0432 0.324 0.0620 0.000936
Zinc7D (6-8 min) 0.0376 0.279 0.0549 0.000270
Zinc7E (8-10 min) 0.0300 0.317 0.0612 0.000239
Zinc7F (10-12 min) 0.0338 0.347 0.0676 0.000820
Zinc7G (12-14 min) 0.0302 0.319 0.0615 0.000196
Zinc-7 0.0801 0.549 0.100 0.00317
Cold-2 (0-8min) 0.178 1.471 0.274 0.00452
Cold-2 (8-16min) 0.162 1.421 0.263 0.000693
PBR Cold-2 0.016 0.050 0.011 0.00383
Hot-2 (0-8min) 0.174 1.339 0.246 0.00288
Hot-2 (8-16min) 0.157 1.322 0.238 0.000763
Hot-2 0.017 0.017 0.008 0.00212
Notes:
1. Cold-X = 
Hot-X = [
Zinc-7 = [
Cold-X (0-8min) -
Hot-X (0-8min -
(A+B+C+D+E+F) -
Cold-X (8-16min) ] / Eff
Hot-X (8-16mi ] / Eff
(GX6) ] / Eff
Total Crud Base Metal Contribution Removal Efficiency
Eff=0.9 for samples Hot-i; for the others Eff= 1.0
2. Transition metal contributions from the blank descaling solution have been
subtracted. 170
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Table B.9 Chemical Compositions of Removed Oxides for Post-Irradiation Inconel Samples
(Major Results)
Run Sample Concentration (%) 
Name Fe Ni Cr Zn
Cold-1 11.2 80.0 8.2 2.2
Zinc Cold-2 12.7 83.2 4.1 4.7
Cold-2m 25.4 66.2 8.5 6.4
Hot-1 12.0 75.5 12.5 1.9
Hot-2 12.0 76.1 12.0 0.8
Zinc-7 11.0 75.3 13.7 0.19
PBR Cold-2 20.8 64.9 14.3 5.0
Hot-2 40.5 40.5 19.0 5.0
171
Table B. 10 Chemical Compositions of Removed Oxides for Post-Irradiation Inconel
Samples (Detailed Data)
Sample
Name
Cold-1 (0-8 min)
Cold-1 (8-16 min)
Cold-1
Cold-2 (0-8 min)
Cold-2 (0-16 min)
Cold-2
Cold-2m (0-8 min)
Cold-2m (0-16 min)
Cold-2m
Hot-1 (0-8 min)
Hot-1 (8-16 min)
Hot-1
Hot-2 (0-8 min)
Hot-2 (8-16 min)
Hot-2
Zinc7A (0-2 min)
Zinc7B (2-4 min)
Zinc7C (4-6 min)
Zinc7D (6-8 min)
Zinc7E (8-10 min)
Zinc7F (10-12 min)
Zinc7G (12-14 min)
Zinc-7
Cold-2 (0-8 min)
Cold-2 (8-16 min)
Cold-2
Hot-2 (0-8 min)
Hot-2 (8-16 min)
Hot-2
Concentration (%)
Fe
7.6
7.2
11.2
7.6
7.4
12.7
8.0
7.3
25.4
7.9
7.4
12.0
8.1
7.4
12.0
10.0
7.3
10.1
10.1
7.3
7.5
7.3
11.0
9.3
8.8
20.8
9.9
9.2
40.5
Ni
78.0
77.7
80.0
77.8
77.5
83.2
77.3
77.5
66.2
77.4
77.6
75.5
77.1
77.4
76.1
75.9
77.7
75.5
75.0
77.7
77.4
77.7
75.3
76.5
77.0
64.9
76.2
77.0
40.5
Cr
14.4
15.0
8.2
14.5
15.1
4.1
14.7
15.1
8.5
14.7
15.0
12.5
14.7
15.2
12.0
14.1
15.0
14.5
14.8
15.0
15.1
15.0
13.7'
14.3
14.2
14.3
14.0
13.8
19.0
Zn
0.23
0.04
2.2
0.27
0.027
4.7
0.30
0.047
6.4
0.23
0.033
1.9
0.16
0.030
0.8
0.15
0.13
0.22
0.073
0.058
0.18
0.048 *
0.19
0.24
0.038
5.0
0.16
0.044
5.0
* This value may have large errors; more than 50% of the zinc is from the blank
descaling solution, and has been subtracted.
Note: Transition metal concentration = element mass / total mass (Fe+Cr+Ni)
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Run
Zinc
Injection
PBR
B.3 SS Plenum Tubing
B.3.1 Pre-Irradiation SS Sample
One SS tubing sample was descaled using a combination of the ultrasonic and
electrolytic methods as described in section B.2.2. Sample data and descaling conditions
are listed in Table B. 11. Like the Inconel samples, the outer surface of this sample was
covered with heat-shrink-Teflon tubing to avoid direct contact with the descaling solution.
After descaling, the oxides removed from the tubing were dissolved using aqua regia.
Then the diluted solutions were analyzed for chemical composition by ICP. Weights of
major transition metals in descaling solution are listed in Table B.12. Table B.13 shows
the removed oxide mass per unit area for each descaling step. The chemical compositions
of these removed oxides are shown in Table B.14. In Tables B.13 and B.14, PBR data
from the EPRI report are shown for comparison.
Table B. 11. Sample data and Electropolishing conditions for Post-Preconditioning SS
Sample
Sample Description Length Area Descaling Electrolyte Current
Name (cm) (cm2) Time (min) Density
(US+AE)
S-l I Preconditioned SS 3 5.77 2,2,2,6,10 0.1N HNO 3 17mA/cm 2Tubing Sample
Table B. 12 Weights of the Major Transition Metals in SS Crud Decontamination Solution
for Post-Preconditioning SS Sample
Sample (mg) Average
Name Fe Ni Cr Total (mg/2min)
(Fe+Ni+Cr)
S-A (0-2 min) 0.2015 0.0636 0.0969 0.362 0.362
S-B (2-4 min) 0.1177 0.0250 0.0121 0.155 0.155
S-C (4-6 min) 0.0378 0.0097 0.0051 0.0526 0.0526
S-D (6-12 min) 0.0646 0.0150 0.0120 0.0916 0.0305
S-E (12-22 min) 0.1075 0.0236 0.0248 0.1559 0.0312
Notes: Total volume of decontamination solution for each run is 100 ml.
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Table B. 13 Removed Transition Metal Mass per Unit Area for Post-Preconditioning SS
Samples
Sample (mg/cm2 ) Notes
Name Fe Ni Cr Zn
S-A (0-2 min) 0.0349 0.0110 0.0168 0.00215
S-B (2-4 min) 0.0204 0.0043 0.0021 0.00053
S-C (4-6 min) 0.00655 0.00168 0.00088 0.00019 0. 1N HNO3
S-D(6-12 min) 0.0112 0.0026 0.0021 0.00010 US+AE
)-E (12-22 min) 0.0186 0.0041 0.0043 0.00014
S-1 0.0507 0.0145 0.0172 0.0028 0. 1N HNO 3
(0-6 min)* US+AE 6min
PBR 0.11 0.023 0.058 No Data Step 1: CE 4 min, 2A
Step 2: AE 15 s, 2A
Step 3: US 4-6 min
Electrolyte: Na2 SO4
*S-1 =[(S-A + S-B + S-C) - (S-E)x(6/10)]
Total Crud Base Metal Contribution
Note: Transition metal contributions from the blank descaling solution have been
subtracted.
Table B. 14 Chemical Compositions of Removed Oxides for
Samples
Post-Preconditioning SS
Notes:
1. Transition metal concentration = element mass / total mass (Fe+Cr+Ni)
2. Composition of SS.: Fe (67.6%), Cr (16.3%), Ni (11.6%)
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Sample Concentration (%)
Name Fe Ni Cr 1 Zn
S-A (0-2 min) 55.7 17.6 26.8 3.4
S-B (2-4 min) 75.9 16.1 7.8 2.0
S-C (4-6 min) 71.9 18.4 9.7 2.1
S-D (6-12 min) 70.5 16.4 13.1 0.66
S-E (12-22 min) 69.0 15.1 15.9 0.53
S-1 61.5 17.6 20.9 3.4
(0-6 min)
PBR 57.6 12.0 30.4 No Data
B.3.2 Post-Irradiation SS Samples
Two SS. samples were descaled using a combination of the ultrasonic and
electrolytic methods. Sample data and descaling conditions are listed in Table B. 15. After
descaling, the oxides removed from the tubing were dissolved using aqua regia. After
that, the diluted solutions were analyzed for chemical composition by ICP. Weights of
major transition metals in descaling solution are listed in Tables B. 16 and B. 17 for cold leg
and hot leg samples, respectively. Table B. 18 shows the weight of removed transition
metal mass per unit area. The chemical compositions of these removed oxides are shown
in Table B.19. In Tables B.18 and B.19, PBR data from the EPRI report are shown for
comparison.
Table B.15 Sample data and Electropolishing conditions for Post-Irradiation SS Samples
Sample Description Length Area Descaling Time
Name (cm) (cm2) (min) (US+AE)
Cold Irradiated Cold Leg SS. Sample 3 5.77 2,2,2,2,4,10
Hot Irradiated Hot Leg SS. Sample 3 5.77 2,2,2,2,4,10
Note:
Electrolyte: 0.1N HNO3 ; Current Density: 17mA/cm2
Table B. 16 Weights of the Major Transition Metals in SS Crud Decontamination Solution
( Cold Leg ) for Post-Irradiation SS Samples
Sample (mg) Average
Name Fe Ni Cr Zn Total (mg/2min)
(Fe+Ni+Cr)
Cold-A (0-2 min) 0.4976 0.1282 0.1930 0.05298 0.8188 0.8188
Cold-B (2-4 min) 0.1943 0.0398 0.0163 0.00556 0.2504 0.2504
Cold-C (4-6 min) 0.1245 0.0231 0.0128 0.00280 0.1604 0.1604
Cold-D (6-8min) 0.1583 0.0257 0.0127 0.00326 0.1967 0.2000
Cold-E (8-12 min) 0.0551 0.0117 0.0104 0.00098 0.0772 0.0391
Cold-F (12-22 min) 0.1404 0.0276 0.0283 0.00296 0.1963 0.0393
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Table B. 17 Weights of the Major Transition Metals in SS. Crud Decontamination
Solution ( Hot Leg ) for Post-Irradiation SS Samples
Sample (mg) Average
Name Fe Ni Cr Zn Total (mg/2min)
(Fe+Ni+Cr)
Hot-A (0-2 min) 0.4397 0.1484 0.1844 0.06100 0.7725 0.7725
Hot-B (2-4 min) 0.1849 0.0470 0.0200 0.00640 0.2519 0.2519
Hot-C (4-6 min) 0.1976 0.0455 0.0187 0.00328 0.2618 0.2618
Hot-D (6-8min) 0.1209 0.0234 0.0153 0.00170 0.1596 0.1596
Hot-E (8-12 min) 0.0603 0.0147 0.0125 0.00096 0.0875 0.0438
Hot-F (12-22 min) 0.1145 0.0270 0.0325 0.00076 0.1740 0.0348
Table B. 18 Weights of Removed Transition Metal Mass per Unit Area for Post-Irradiation
SS Samples
Run Description (mg/cm2) Notes
_Fe Ni Cr Zn
Cold* 0.149 0.034 0.037 0.011
Zinc Hot* 0.150 0.043 0.037 0.013 US+AE 12min
Average 0.150 0.039 0.037 0.012
PBR Average 0.151 0.028 0.030 No Data Step 1: CE 4 min, 2A
(3 samples) Step 2: AE 15 s, 2A
Step 3: US 4-6 min
Electrolyte: Na2 SO4
* Cold(or Hot) = [ (A + B + C + D + E) - ( F ) x (12/10) ] / 5.77cm2 (see Table B.17)
Total Crud Base Metal Contribution
Note: Transition metal contributions from the blank descaling solution have been
subtracted.
Table B. 19 Chemical Compositions of Removed Oxides for Post-Irradiation SS Samples
Run Description Concentration (%)
Fe [ Ni [ Cr Zn
Zinc Cold 67.7 15.5 16.8 5.0
Hot 65.2 18.7 16.1 5.7
PBR [ Average 72.2 13.4 [ 14.4 | No Data
Notes:
1. Transition metal concentration = element mass / total mass (Fe+Cr+Ni)
2. Composition of SS: Fe (67.6%), Cr (16.3%), Ni (11.6%)
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The activities present in the SS descaling solutions were measured; the results of
both hot and cold leg samples are shown in Table B.20. As can be seen, the activity
distribution shows the same trend as the weight distribution of transition metal which is
shown in the right column. Based on these activity data, SS activities per unit area due to
corrosion product deposition were calculated and are listed in Table B.21. Note that base
metal activities have been subtracted; their contributions are less than 5% of the total. It
appears that Co-58 and Co-60 activities obtained from the Zinc run are about 25% lower
than those from the PBR run.
Table B.20 Activity Remaining in SS Descaling Solution for
Post-Irradiation SS Samples
Description Sample _ Activity (nCi) | Fe+Ni+Cr
Name j Co-58 Co-60 1 Fe-59 I Mn-54 I Zn-65 (mg)
A (0-2 min.) 83.33 7.60 < 0.23 2.17 17.27 0.8188
Cold B (2-4 min.) 7.40 0.76 < 0.23 0.13 1.49 0.2504
C(4-6 min.) 6.51 0.60 < 0.23 0.15 1.31 0.1604
D (6-8 min.) 9.13 0.87 < 0.23 0.23 1.75 0.1967
Leg E (8-12 min.) 0.98 0.11 <0.23 <0.014 0.22 0.0772
F (12-22 min.) 2.85 0.27 < 0.23 0.1 0.42 0-19630.1963
A (0-2 min.) 89.38 7.88 < 0.23 2.34 17.81 0.7725
Hot B (2-4 min.) 11.50 1.08 < 0.23 0.35 2.38 0.2519
C (4-6 min.) 16.20 1.41 < 0.23 0.36 2.89 0.2618
D (6-8 min.) 9.93 0.96 < 0.23 0.20 1.76 0.1596
Leg E (8-12 min.) 2.49 0.20 < 0.23 <0.014 0.29 0.0875
F (12-22 min.) 1.97 0.27 < 0.23 0.08 0.148 0.1740
Note: Activity distribution shows the same trend as weight distribution of transition
metals which is shown in the right column.
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Run Description | Activity (nCi/cm2 )
Co-58 Co-60 [ Fe-59 Mn-54 Zn-65 Zn-65*
Cold 18 1.7 <0.04 0.44 3.73 3.92
Zinc Hot 22 1.9 <0.04 0.55 4.32 4.12
Average 20 1.8 <0.04 0.50 4.03 4.02
PBR Average 26 2.5 No Data 0.90 0.34 N/A
Ratio (Zinc/PBR) 0.77 0.72 N/A 0.56 11.9 N/A
* These values were obtained by counting the tube samples.
Notes:
1. Activity Per Unit Area = [ (A+B+C+D+E) - (1.2 x F) ] / 5.77cm2
Total Activity Base Metal Surface
Contribution Area
where values of A to F are obtained from Table B.20
2. For all the nuclides except Fe-59, base metal activity contributions are less than 5%.
B.4 Pump Disc
Three descaling steps were performed to descale the pump disc which was
removed from the AE main circulation pump. The pump disc was first descaled in
ultrasound apparatus for 4.5 hrs using 5% nitric acid as a descaling solution. Then 10 %
aqua regia was used to descale the pump disk for 45 minutes. Finally the pump disc was
descaled for 20 minutes using 10% aqua regia solution. Sample descriptions and
descaling conditions are listed in Table B.22. Table B.23 shows the activity removal
efficiency for each step. Weights of transition metal in the descaling solution are listed in
Table B.24. Based on these data, the weights of zinc removed from the pump disc were
calculated and are listed in Table B.25. Table B.26 shows the weight of zinc deposited on
the pump disc per unit area. It appears that the zinc surface density on the pump disc is
0.0041mg/cm2 .
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Table B21 SS Activitv Per Unit Area for Post-Irradiation SS Sam'ples
Table B.22 Description of Descaling Conditions for Post-Irradiation Pump Disc
Step Time Period Description
1. 0 - 270 min 5% HNO3, US at 50 C for 4.5 hr
2. 270 - 315 min 10% aqua regia, US at 50 °C for 45 min
3. 315 - 335 min 10% aqua regia, US at 50 °C for 20 min
Table B.23 Activity Removal Efficiency for Post-Irradiation Pump Disc
Step Time Period Efficiency
Co-58 I Co-60 Mn-54 Zn-65
1. 16.2% 16.7% 18.0% 14.0%0 - 270 min
2. 98.3% 93.6% 95.6% 99.1%270 - 315 min
3. 315 - 335 min 99.5% 96.9% 98.1% 99.2%
Table B.24 Weight of Transition Metal in Descaling Solution for Post-Irradiation
Pump Disc
Step weight (mg) Total (mg) Removal Rate
(mg/min)
Fe _ Ni Cr I Zn Fe+Ni+Cr Total / time
1. 5.139 1.87 0.863 0.176 7.9 0.029
2. 108.2 22.4 28.2 0.336 158.8 3.52
3. 293.5 58.6 75.2 0.157 427.3 21.4
Table B.25 Weights of Zinc Removed From the Post-Irradiation Pump Disc
Step Time Period Zinc (mg) Notes
1. 270 min 0.176 Assume no base metal has been removed
2. 270 - 315 min 0.278 Zinc from base metal has been corrected*
* The weight of zinc in the oxide removed from step 2 is determined by the following
equation:
0.336 - 0.157 x (158.8 / 427.3) = 0.278 mg (these values are from Table B.24)
Table B.26 Weight of Zinc Deposited on the Post-Irradiation Pump Disc per Unit
Area
Description (mg/cm2 )
Zn
Weight of zinc per Unit Area Obtained From 0.0041*
Step 1 + Step 2
(0.176 + 0.278 ) / 109.9 _ 0.0041 (mg/cm2 )
Surface Area
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B.5 Zircaloy -4 Tubing
A pretreated Zircaloy sample was descaled using aqua regia as a descaling
solution. A schematic diagram of the experimental setup is shown in Figure B.3. The
whole descaling process includes three steps; for each step the sample was immersed in 40
cc of aqua regia for 15 hours. Sample descriptions and descaling conditions are listed in
Table B.27. After 45 hours, the descaling solutions were analyzed for chemical
composition by ICP. Weights of zirconium and zinc metals in descaling solution are listed
in Table B.28. Calculations of zinc deposited on the pretreated Zircaloy tubing are
presented in equations B.1 through B.3. It appears that 1.19 mg of zinc was deposited on
the pretreated Zircaloy-4 tubing.
Zircaloy sample
heat-shrink Tefl
ic Bottle
cc Aqua Regia
(Not To Scale)
Figure B.3 Schematic of Set-up for Zircaloy tubing Descaling Experiment
Table B.27 Sample Descriptions and Descaling Conditions for Post-Preconditioning
Zircaloy Sample
Table B.28 Weights of the Zirconium and Zinc Metals in Descaling Solution for Post-
Preconditioning Zircaloy Sample
Descaling Step (mg)
Zr Zn
Step 1 ( 0 - 15 hr) 26.90 0.0134
Step 2 (15 - 30 hr) 15.62 0.00644
Step 3 (30 - 45hr) 11.59 0.00092
Note: Zirconium and zinc metals in blank descaling solution have been subtracted.
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Sample Description Length ID Area Descaling Time Descaling
Name (cm) (cm) (cm2) Solution
Zr- 1 Pretreated 5 0.671 10.54 3 steps, each 40 cc, Aqua
Zircaloy Sample I step 15 hr Reia
Weight of zinc in descaling solution after 30 hour descaling
= (Weight of Zinc) - ( Base Metal Contribution )
= (0.0134 + 0.00644) - (0.00092 ) x (26.90 + 15.62) = 0.01646 mg (B. 1)
11.59
Zinc Density = 0.01646 mg / 10.54 cm2 = 0.00156 mg/cm2 (B.2)
Total weight of zinc deposited on pretreated Zircaloy tubing
= 0.00156 mg/cm 2 x 764 cm2 = 1.19 mg (B.3)
B.6 Titanium Tubing
B.6.1 Charging Line
A piece of titanium sample taken from the charging line was descaled using 10%
aqua regia. A schematic diagram of the experimental setup is shown in Figure B.4. The
whole descaling process included four steps; for each step a total amount of 120 cc
descaling solution was passed through the titanium sample with a flow rate of about 80
cc/hr. Sample descriptions and descaling conditions are listed in Table B.29. The descaling
solution was then collected and analyzed for chemical composition by ICP. Weights of
titanium and zinc metals in descaling solution are listed in Table B.30. Calculations of zinc
deposited in the charging line are presented in equations B.4 through B.6. It appears that
0.27 mg of zinc was deposited on the charging line.
181
10% Aqua Regia
Flow Rate Controller
- Plastic Tubing
Plastic Tubing
150 cc Beaker
(Not To Scale)
Figure B.4 Schematic of Set-up for Charging Line Descaling Experiment
Table B.29 Sample Descriptions and Descaling conditions for Post-Irradiation Charging Line
Sample
Sample Description Length ID Area Descaling Time Descaling
Name (cm) (cm) (cm2) Solution
C h-1 Charging Line 89.5 0.155 43.58 4 steps, each 120 cc, 10%
Titanium Sample I step 1.5 hr aqua regia
Table B.30 Weights of the titanium and zinc Metals in Titanium Descaling Solution for Post-
Irradiation Charging Line Sample
Descaling Step (mg)
Ti Zn
Step 1 ( 0-1.5 hr) A 0.0150 0.0149
Step 2 (1.5 - 3.0 hr) B 0.00742 0.00036
Step 3 (3.0 - 4.5 hr) C 0.00972 0.0013
Step 4 (4.5 - 6.0 hr) D 0.00872 0.0015
Note: Titanium and zinc metals in blank descaling solution have been subtracted.
'Weight of zinc in descaling solution after 3 hour descaling
= ( Weight of Zinc ) - ( Base Metal Contribution
= (0.0149+0.00036) - ( 0.0013 + 0.0015 ) x (0.0150 + 0.00742) = 0.0119 mg0.00972 + 0.00872
Zinc Density = 0.0119 mg / 43.58 cm2 = 0.00027 mg/cm 2
Total weight of zinc deposited on the entire charging line
-= 0.00027 mg/cm 2 x 987 cm2 = 0.27 mg
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B.6.2 Discharge Line
The titanium discharge line of the letdown system was descaled using 10% aqua
regia. A schematic diagram of the experimental setup is shown in Figure B.5. The whole
descaling process included four steps; for each step a total amount of 200 cc descaling
solution was passed through the discharge line with a flow rate of about 80 cc/hr. Sample
descriptions and descaling conditions are listed in Table B.3 1. The descaling solution was
then collected and analyzed for chemical composition by ICP. Weights of titanium and
zinc metals in descaling solution are listed in Table B.32. Calculations of zinc deposited on
the discharge line are presented in equations B.7 through B.9. It appears that 0.036 mg of
zinc was deposited on the discharge line. Table B.33 compares the weight of zinc
deposition on the charging and discharge lines.
! 104~1% Aqua Regia
4r- Flow Rate Controller
~< Plastic Tubing
i I < --- 1159 cm
kpressure
:or
Discharge Titanium Line
Plastic Tubing '
500 cc Beaker
( Not To scale )
Figure B.5 Schematic of Set-up for Discharge Line Descaling Experiment
Sample Descriptions and Descaling conditions for Post-Irradiation Discharge Line
Sample
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Table B.31
Sample Description Length ID Area Descaling Time Descaling
Name (cm) (cm) (cm2 ) Solution
DC-1 Discharge Line 1159 0.155 564 4 steps, each 200 cc, 10%
Titanium Sample step 2.5 hr aquaregia
I
Table B.32 Weights of the Titanium and Zinc Metals in Discharge Line
Post-Irradiation Discharge Line Sample
Descaling Solution for
Descaling Step (m[)
Ti Zn
Step 1 ( 0- 2.5 hr) 0.203 0.02268
Step 2 (2.5 - 5.0 hr) 0.374 0.00208
Step 3 (5.0 - 7.5 hr) 0.283 0.01054
Step 4 (7.5 - 10.0 hr) 0.388 0.00054
Note: Titanium and zinc metals in blank descaling solution have been subtracted.
Weight of Zinc in Descaling Solution after 7.5 hour descaling
= ( Weight of Zinc ) - ( Base Metal Contribution )
= (0.02268+0.00208+0.01054) - ( 0.00054 ) x (0.203 + 0.374 + 0.283) = 0.0341 mg (B.7'0.388
Zinc Density = 0.0341 mg / 564 cm 2 = 6.0 x 10-5 mg/cm 2 (B.8'
Total weight of zinc deposited on the entire discharge line
= 6.0 x 10-5 mg/cm 2 x 594 cm2 = 0.036 mg (B.9)
Table B.33 Weight of Zinc Deposition on Charging and Discharge Lines After Irradiation
Description Material Zinc Density Area (cm2 ) Weight of Zinc
(mg/cm2) (mg)
Charging Line Titanium 2.7 x 10-4 987 0.27
Discharge Line Titanium 6.0 x 10'5 594 0.036
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Appendix C ANALYSIS OF ION EXCHANGE RESIN
C.1 Introduction
The ion exchange resin column is part of the water sampling and let-down system.
It is designed to remove radioactive and non-radioactive corrosion products and ions
transported in the coolant. The ion exchange column is made of acrylic plastic. It contains
nmixed bed resin spherical beads. The resin is Amberlite IRN-150 made by The Rohm and
Flaas company. Amberlite IRN-150 is a mixture of gelular, polystyrene cation and anion
exchange resins. It is supplied in the hydrogen/hydroxide form as clear, amber colored
spherical particles.
About every three weeks, the resin was poured out of the ion exchange resin column
into a standard 50 cc sample container and counted outside the reactor building with a
HPGe detector. Table C. 1 shows total activity, coolant flow volume data, inferred activity
of sampled coolant and service period of each resin. For comparison, inferred waterborne
activity data for the PBR run are also listed in this Table.
C.2 Elution Method and Measured Data
Two IX resin samples from the Zn injection run were measured. Each resin was
first packed into a glass column from a standard 50 cc sample container. After that, a
peristaltic pump was used to up-flow 400 cc hydrochloric acid (10% ) through the column
at a flow rate of about 200 cc/hr. Then the column was washed with 200 cc DI water at the
same flow rate. A schematic diagram of the experimental setup is shown in Figure C. 1.
The activity in the column was measured before and after the leaching process to obtain the
metal removal efficiency. Finally the metal contents of the fully mixed solution were
analyzed for chemical composition by ICP. The measured weights of major transition
metals in each IX column are listed in Table C.2. For comparison, the remeasured PBR
results as well as PBR data from the EPRI report are also shown in this Table. Based on
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these mass data and the flow volume for each resin, the weights of transition metal per unit
volume coolant throughput were calculated and are listed in Table C.3.
r
10% HC1 Solution
Regeneration Solution Receiver
Figure C. 1 Experimental Setup for Ion Exchange Resin Elution
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Table C. 1
(i) IX resin activity data
Note: 1.
2.
IX Resin Activity Data for Zinc Injection Run
The activities are corrected to the point at which they were removed.
Dashed line means lower than detection limit.
(iii) Inferred activity of sampled coolant (Activity / Flow volume)
Activity concentration (pCi/cc)
Isoto e Resin 1 Resin 2 Averae PBR
Co-58 0.465 16.0 6.1 3.9
Co-60 0.590 1.56 0.94 0.43
'Cr-51 --- --- --- 0.17
Fe-59 0.00431 0.0249 0.012 0.073
Mn-54 0.422 1.27 0.73 1.3
Zn-65 0.448 2.91 1.33 0.031
Note : Average = total activity / total flow volume
(iv ) Service period
Item Resin 1 Resin 2
Time 6/2/94 - 6/24/94 6/25/94 - 7/1/94
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Activity (nCi)
Isotope Resin 1 Resin 2 [ Total
Co-58 30.0 580.0 610.0
Co-60 38.0 56.5 94.5
Cr-51 ...--- ---
Fe-59 0.278 0.905 1.183
_Mn-54 27.2 46.0 73.2
Z'n-65 28.9 105.5 134.4
(ii) Flow volume data
Items Flow volume (cc)
Resin 1 64458
Resin 2 36285
Total volume 100743
Table C.2 Weights of Major Transition Metals in the IX columns from Zinc
Injection and PBR runs
Resin Description Weight (mg)
Fe | Ni [ Cr l Co Zn
Zinc- 1 0.36 1.29 0.0468 -0.0096 0.0774
Zinc-2 4.43 1.29 0.785 0.030 0.511
Total [ 4.79 2.58 | 0.832 | 0.040 0.588
PBR
measured by AA in 6.86 8.31 0.252 No Data No Data
Dec., 1990
PBR
measured by ICP in 4.79 5.27 0.163 0.036 0.209
July, 1994
Notes:
1. Metal removal efficiencies based on Co-60 activities for Zinc-i and Zinc-2 are 98% and
96% respectively. The above values except Zn have been corrected accordingly. For Zn, the
removal efficiencies are 41% and 48% for Zinc-i and Zinc-2 respectively. These efficiencies
were calculated based on Zn-65 activities.
2. Transition metal contributions from the blank IX resin have been subtracted. The corrections
for Fe, Ni, Cr and Zn are less than 5%. The largest is for Co: about 25% of total.
Table C.3 Weights of Major Transition Metal per Unit Volume Coolant
Throughput for Zinc Injection and PBR Runs
Resin Descriptior Metal Concentration (mg/cc)
Fe I Ni Cr co Zn
Zinc-i 5.59x10-6 2.00x10-5 0.73x10-6 0.15x10-6 1.2x10-6
Zinc-2 1.22x10-4 3.56x10-5 2.16x10-5 0.83x10-6 1.41x10-5
Total 4.75x10-5 2.56x10-5 8.26x10-6 0.40x10-6 ] 5.84x10-6
PBR
measured by AA 4.6x10-5 5.5x10-5 1.7x10-6 No Data No Data
in Dec., 1990
PBR
measured by ICP 3.19x10- 5 3.51x10- 5 1.08x10-6 0.24x10- 6 1.39x10-6
in July, 1994
Notes:
1. Metal Concentration (mg/cc) = Metal weight / Flow volume
2. Flow Volume Data: Zinc-1=64458 cc, Zinc-2=36285 cc, PBR=1.5 x 105 cc
3. Multiply by 106 to obtain ppb value.
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Appendix D
Supplier Information on Purchased Components
The sources of all important materials and components for the PCCL are shown in
the following table. Note that in some cases the supplier is not the original manufacturer,
but may be a foreign manufacturer's representative, a wholesale or retail middleman, or in
some instances may market equipment under their own label which is manufactured by
another.
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Component. Manufacturer Model # or specs
Main Coolant Autoclave Engineers, Inc. Model # MP2040
Circulating Pump 2930 W 22nd Street, Box 4007 05 65 60
Erie, PA 16512 USA
(814) 838-2071
Heater Delta M Corp. Custom LMFBR fuel pin
525 Warehouse Rd. Oak Ridge, simulator capable of
TN 37830 Mr. R. McCullough delivering up to 20 kW
(615) 483-1569
Inconel Tubing Superior Tube Company Alloy 600-seamless
Wapakoneta, OH 45895 5/16" OD x 0.035" wall
Stainless Steel Tokyo Seimitsukan Co., Ltd. 316 Seamless 5/16" OD x
Tubing No. 1295 Jimbo Yoshiimachi 0.035" wall
Tano-Gun, Gumma-Pref.
Japan
Aluminum Tubing A.B. Murray Company, Inc. Seamless 6061-T6511
P.O. Box 203
Bristol, PA 19007-4398
Aluminum Plate A.B. Murray Company, Inc. 6061-T651
P.O. Box 203
Bristol, PA 19007-4398
Component Manufacturer Model # or specs
Fittings Parker Hannifin Corp. Ultraseal (O-ring): 1/4", 1/2"
Instrumentation CPI (compression) 5/16",
Connectors Division 1/8"
P.O. Box 4288 Huntsville, Alabama
35802-4288
(205) 881-4288
Charging Pump American LEWA ARMAC Co. Type EK16-M210
132 Hopping Brook Road 0 to 1.1 liters/min. Titanium
Holliston, MA 01746 head, SiN check valve balls
(508) 429-7403
Back Pressure TESCOM Corporation Model 26-1723-24 (4000
Regulator Pressure Control Division psig)
12616 Industrial Boulevard
Elk River, Minnesota 55330
Thimble Lid Conax Co. PG4-312-LA
Feedthroughs 2300 Walden Ave. ("Lava" glands)
Buffalo, NY 14225 PL-8-A3-T
(716) 684-4500 MHC-062-48-T
Charging System Parker Hannifin Corp. 1/4", 3/8" 3-way and 2-way
Ball Valves Instrumentation Connectors Division ball valves
P.O. Box 4288 Huntsville, Alabama
35802-4288
(205) 881-4288
High Pressure NUPRO Company U Series Grafoil Packed
Hot Crud Filter 4800 East 345th Street Needle Valves
Valves Willoughby, OH 44094
Uninterruptible Best Power Technology, Inc. MD1.5KVA, and
Power Supplies P.O. Box 280 MD2KVA
Necedah, WI 54646
(608) 565-7200
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Component Manufacturer Model # or specs
Heater Controller PAYNE ENGINEERING 18D
Box 70, Scott Depot. W. Va. 25560
(304) 757-7353
Pump Controllers MagneTek Drives & System Lancer GPD 502
(Charging and Main 16555 W. Ryerson Road
Circulating Pumps) New Berlin, WI 53151
Computer Microtech Systems, Inc. 486DX-33MHz
8 Cypress Street 4MB RAM
Brookline, MA 02146 85 MB Hard Drive
(617) 232-7405 VGA Color
Data Acquisition METRABYTE DAS-16 Board
System 440 Myles Standish Blvd. DAS-8 Board
Taunton, MA 02780 EXP-16 Multiplexer
(800) 348-0033 LABTECH Notebook
Ver. 7.0.0 Data Acquisition
__ Software
Heater Process Taylor Instrument 500R Model A
Controller Combustion Engineering, Inc.
P.O. Box 110
Rochester, NY 14692
(716) 235-5000
Zircaloy Commissariate a L'Energie Seamless Zircaloy-4
Atomique 8mm OD x 0.8 mm Wall
(CEA) Annealed
91191 Gif-Sur Yvettes Cedex
Saclay, France
Titanium Tubing TICO Titanium Seamless 1/4", 1/8", 3/8"
24581 Crestview Court
Farmington, MI 48018
Oxygen Sensor Orbisphere Laboratories Orbisphere 02 Sensor
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Component Manufacturer Model # or specs
Hydrogen Sensor Syprotec Corporation Hydran 202N
380 Route #1 Hydrogen Monitor
West Chazy, NY 12992
Hot Crud Filter Millipore Corporation High Pressure 316SS
Bedford, MA 01730 47mm Filter Holder
XX45 047 00
0.5 g FHLP 047 00
Filter Papers
Teflon Heat-Shrink McMASTER-CARR Supply ID = 0.302"
Tubing Company
P.O. Box 440, New Brunswick, NJ
Heat-Shrink-Rubber 08903-0440 ID = 0.40"
_Tubing
Paint for Tubing Kanto Chemical Co., Inc., Cica-Reagent
Sample 2-8 Nihonbashi Honcho 3-chome
chuo-ku, Tokyo, Japan
Charging System Cole-Parmer Instrument Company Micropump Series H
Instrument Pump 7425 North Oak Park Avenue G-07003-32
Niles, IL 60714
Zinc Injection Pump Eldex Laboratories A-30-VS-PK
#1022 Executive Court 1.5 - 90 cc/hr,
NAPA, CA 94070-3304 Flow Reproducibility +0.3%
Max. System Pressure
5000 psi
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APPENDIX E
GLOSSARY
Most non-standard terminology is defined at the location of first use. For reference, less
conmmon shorthand designators are listed below.
Codeword Meaning
AA,
AE
BWR
CE
EPRI
ES]EERCO
HPC;e
ICP
ID
IX
MCA
MrrNRL
MITR-II
Atomic Absorption Analysis
Autoclave Engineers: manufacturer of the
pump used to circulate PCCL primary coolant; or Anodic
Electrolysis step in corrosion product removal
Boiling Water Reactor
Cathodic Electrolysis step in corrosion product removal
Electric Power Research Institute
Empire State Electric Energy Research Corporation
High Purity Germanium Detector
Inductively Coupled Plasma Emission Spectrometer
Internal Diameter
Ion exchange
Multichannel analyzer
MIT Nuclear Reactor Laboratory
Massachusetts Institute of Technology Research Reactor; rebuilt
version II
Neutron Activation Analysis
Nuclear Power Engineering Corporation
Outer diameter
Conventional measure of acidity: minus the logarithum
(base 10) of the hydrogen ion concentration (in moles/liter)
NAA
NUPEC
OD
pH
193
Meaning
The PWR Coolant Chemistry Loop constructed and operated
in the MIT Research Reactor for this project
Pressure Relief Valve
Pressurized Water Reactor
Stress Corrosion Cracking in Primary Water System
Scanning Electron Microscope
Inconel "steam generator" tube region of the PCCL
Stainless Steel
Titanium "test tube" used to contain the bath of molten lead which
thermally couples the PCCL heater and Zircaloy core section
Ultrasonic step in corrosion product removal
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Codeword
PCCL
PRV
PWR
PWSCC
SEM
S/G
SS
TIT
US
APPENDIX F
CONVERSION FACTORS
The lack of standardization in the choice of units by the nuclear water chemistry
community is evident from even a cursory review of the recent JAIF and BNES Conferences.
Hence, the following conversion factors may prove useful.
Volume
1 cubic meter (m3)
Area
1 square meter (m2 )
deci (d)
centi (c)
milli (m)
micro ()
nano (n)
pico (p)
1000 liters (1)
106 cubic centimeters (cc or cm3 )
100 square decimeters (dm2)
104 square centimeters (cm2 )
Prefixes
= 10-1
= 10-2
= 10-3
= 10-6
= 10-9
= 10-12
kilo (k)
mega (M)
giga (G)
tera (T)
= 103
= 106
= 109
1012
Radioactivity
1 becquerel (Bq) =
1 curie (Ci)
1 dps
3.7 x 1010 dps
1 liter
1 cm
(Note: current IAEA guidelines permit the
temporary use of curies)
Miscellaneous
= 0.2642 gallons
= 0.3937 inch
= 0.03281 foot
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Radioactivity Combinations
There are two sets of standard units in the main body of this report. The conversion factors
between these two units are as follows:
Total Activity:
Surface Activity:
Waterborne Activity:
1 nCi = 0.037 kBq (kilo becquerels)
1 nCi/cm 2 = 370 kBq/m 2 (kilo becquerels per square meter)
1 nCi/cc = 37,000 Bq/kg (becquerels per kilogram)
1 pCi/cc = 37 Bq/kg
Note that lkg = 1000 cc because all results are measured or
computed at room temperature.
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